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LABORATORY TESTS OF REINFORCED CONCRETE
ARCHES WITH DECKS
I. INTRODUCTION
1. Object of Investigation.-Open-spandrel arch bridges consist of
an arch rib, spandrel columns, and a deck. Each part has its own
special function: the deck provides the roadway that carries the
traffic, the spandrel columns transmit the weight of the deck and the
superimposed load to the rib, and the rib transfers its own weight
and the load that it receives from the spandrel columns to the piers
and abutments. Although both the spandrel columns and the deck
have separate functions of their own, they act with the rib in trans-
mitting the load to the piers unless special provision is made to pre-
vent the structure as a whole from acting as a unit. Engineers know
that this interaction of parts takes place, but nearly all arches are
designed on the assumption that the rib acts alone in carrying the
load, and that its deformation is not affected by the other members
of the structure. One object of this investigation was to determine the
behavior of a reinforced concrete monolithic structure consisting of
a rib, spandrel columns, and a deck, and to compare the behavior
of this composite structure with the behavior of a similar rib with-
out columns or deck.
The influence of a deck depends upon its geometrical properties.
Tests were made upon six arches having ribs that were identical but
decks that were different. The decks of two arches were low, being
integral with the rib at the crown; the decks of four arches were high,
being two feet above the rib at the crown. One arch with a high
deck and one with a low deck had expansion joints near the one-third
points; the other arches had decks without expansion joints. One ob-
ject of the investigation was to determine the extent to which varia-
tions in the deck influence the behavior of the structure as a whole.
In studying the influence of decks, tests were made to determine the
effect of load and the effect of abutment movements.
The first arch of the series described in this bulletin was tested
in March, 1927 and the last one in February, 1928.
2. Acknowledgments.-This investigation was a part of the work
of the Engineering Experiment Station of the University of Illinois,
of which DEAN MILO S. KETCHUM is the director, and of the Depart-
ment of Civil Engineering, of which PROF. W. C. HUNTINGTON is the
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head. It also constituted a part of the program of the Committee on
Concrete and Reinforced Concrete Arches of the American Society
of Civil Engineers.*
The experimental work was done by E. C. GRAFTON, A. H. SOREN-
SEN, C. F. SMITH, R. L. MOORE, W. M. HONOUR, and D. E. LARSON,
Research Graduate Assistants of the Engineering Experiment Station,
all working under the supervision of the author. The direct expenses
of the tests were paid from funds provided by the American Society of
Civil Engineers and the Engineering Foundation.
The writer acknowledges his indebtedness to HARDY CROSS, Pro-
fessor of Structural Engineering, for many valuable conversations
pertaining to the investigation.
The gravel and sand used in making the specimens was contributed
by the NEAL GRAVEL COMPANY and the cement by the PORTLAND
CEMENT ASSOCIATION.
II. DESCRIPTION OF SPECIMENS AND APPARATUS
3. Description of Specimens.-The specimens were reinforced con-
crete arches. The ribs of the arches had a span of 17 ft. 6 in., and
a rise of 4 ft. %1/ in., measured to points on the arch axis. The in-
trados and extrados were circular arcs having radii of 10 ft. 8/
in. and 12 ft. 6 in., respectively, centered to give a depth at the crown
of 5 in. and at the springing of about 10.8 in. Each rib was 6% in.
wide and was reinforced with four 1/2 -in. plain round rods.
Arches 27-3 and 27-4, ribs without decks, used as a basis for com-
parison to determine the effect of the deck in the tests of ribs with
decks, are the same as the arches designated by the same numbers
and described in Bulletin 202.t The ribs of the other arches in this
series had the same dimensions, reinforcement, and quality of con-
crete as 27-3 and 27-4. The dimensions of the rib are given in Fig. 1.
The details of the decks are shown in Fig. 2. The decks for arches
27-5 and 27-6 were rectangular in section and had a small moment
of inertia about a horizontal gravity axis; they contained no expansion
joints and were a considerable distance above the rib at the crown.
The decks of all arches of the 28- series had a T section that had a
comparatively large moment of inertia about a horizontal gravity
axis. Arches 28-1 and 28-2 had high decks and were alike except that
*The members of this committee are C. T. Morris, chairman; E. H. Harder; A. C. Janni;
George E. Beggs, and W. M. Wilson.
t"Laboratory Tests of Reinforced Concrete Arch Ribs," Univ. of Ill. Eng. Exp. Sta.
Bul. 202.
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FIG. 1. DIMENSIONS OF ARCH RIB
28-1 had no expansion joints, whereas 28-2 had expansion joints in
the deck near the one-third points. The decks of arches 28-3 and
28-4 were so low that they were integral with the rib at the crown;
the two arches were alike except that the deck for 28-3 had no ex-
pansion joint, whereas the deck for 28-4 had expansion joints near
the one-third points. Figures 3, 4, 5, and 6 are from photographs
of arches 28-1, 28-2, 28-3, and 28-4, respectively. Figure 7 shows
arch 27-6 in the testing machine ready to be tested. Arch 27-5 was
a duplicate of 27-6.
The figures show two horizontal 4-in. rods connecting the abut-
ments of each arch. These rods served a dual purpose; they took
the horizontal dead load thrust when the arch was being moved and,
when sawed in two near one abutment, they served as measuring rods
to control the length of the span during the tests.
The forms for the arch ribs are shown in Fig. 8. The sides were
cast-iron channel sections, the inside surfaces and the flanges being
machined. The bottom was a curved structural steel plate ¼-in.
thick, bolted to the bottom flanges of the side pieces. The top was
composed of a number of plates about one foot long bolted to the top
flange; these were added, beginning at the ends, as the arch was
poured. The holes in the top and bottom plates were spotted after
the sides had been carefully aligned with a transit, and the forms
proved to be very true. From the nature of their construction, they
could not be varied from the original size and alignment once the
holes in the plates and flanges had been drilled.
The reinforcing bars, shown in the forms in Fig. 8, were held in
place by means of stools and radial rods. The stools, made of %-in.
conduit, performed two functions; they helped to hold the reinforcing
in place, and they provided a hole from the surface of the concrete
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einf/'orcemenf :
Rib- 4-4"#
Co/umns- 4-jf
Deck- S7-5,-6- 9 '
Deck of/S9Z Series-
F/ange- 52-p'
Stem- 2-j'
A/l Co/umns arno'
Lood Poins are
30"c. to c.
FIG. 2. DETAILS OF DECKS
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FIG. 3. ARCH 28-1
FIa. 4. ARCH 28-2
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FIG. 5. ARCH 28-3
FIG. 6. ARCH 28-4
to the steel, making it possible to measure the strain in the steel
with a strain-gage. The stools were set over metal buttons bolted
to the forms, and could be placed quickly and accurately; they could
not move out of their correct position after having once been set. The
radial rods also performed two functions; in addition to holding the
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FIG. 7. ARCH 27-6 IN TESTING MACHINE READY TO BE TESTED
reinforcing rods in place they served as strain-gage plugs for measur-
ing the strain in the concrete.
The forms for the arches with decks are shown in Fig. 9. These
forms were made by adding structural steel forms for the columns
and deck to the forms for the rib shown in Fig. 8.
The concrete proportions by volume were one part portland ce-
ment, 2.8 parts sand, 2.8 parts gravel, and 1.1 parts water. The
arches were small, making it necessary to use a comparatively fine
gravel; this fact accounts for the small amount of gravel used. A
typical sieve analysis of the aggregates is given in Table 1.
Although the concrete was a 1:2.8:2.8 mix by volume, the actual
quantities used were determined by weight, the weight of the aggre-
gate and the quantity of water to be added being corrected for the
amount of water contained in the aggregate as determined by mois-
ture test made just previous to the pouring of each arch. The weight
of the materials that composed a batch, based on dry aggregate,
was as follows:
Cement 25.0 pounds
Sand 80.5 pounds
Gravel 73.0 pounds
Water 17.2 pounds
Three 6-in. by 12-in. cylinders were poured for each arch. The
arches and cylinders were stripped the same day and wrapped in
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FiG. 8. FORMS FOR ARCH RIB
burlap. The burlap wrapping was thoroughly soaked with water
every other day for a period of two weeks, then the burlap was re-
moved and the stripped cylinders and arches were stored in the labo-
ratory until they were tested, at an age of approximately 60 days.
The ribs, columns, and deck were poured continuously, except
that the columns were allowed to set about an hour before the deck
was poured.
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FIG. 9. FORMS FOR ARCHES WITH DECKS
The strength of the concrete, as determined by tests of the cylin-
ders, is given in Table 2.
4. Description of Apparatus.- The arches were tested in a
300 000-lb. two-screw Riehle testing machine having wings with an
overall length of about 21 ft. Figure 7 shows an arch in the machine
ready to be tested.
The arches were subjected to an unsymmetrical load, the rate of
loading being 50 per cent greater for the north than for the south
half of the arch. This loading was intended to simulate dead load
over the entire span and live load over the north half, the rate of
loading being one-half as great for the live as for the dead load.
The loading mechanism is shown in Fig. 10. The head of the
machine was fitted with a special casting H1 that bore upon the
casting P2 bolted to the two 24-in. I beams. The load was delivered
from the I beams through the 5-in. pin to the lever L1, thence through
the lever L2 and the hangers HR1, HR2 and HR3 to the trans-
verse levers L3 that extended across the top of the arch. The load was
transmitted from H1 to P2 through a knife-edge imbedded in a 3-in.
cold rolled steel round and bearing upon the plane top of P2; the load
was delivered to the arch from the transverse lever L3 through a
%-in. steel ball, inserted in the lever L3 and resting in a slight de-
pression in a tool steel plate bearing upon the .top of the loading shelf
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TABLE 1
SIEVE ANALYSIS OF AGGREGATES
Per Cent Not Passing Screen
Size of Sieve
Fine Aggregate Coarse Aggregate
1.5................... 0.0 0.0
0.75................. 0.0 0.0
0.375................ 0.0 43.2
No. 4................ 4.4 99.1
No. 8.... ............ 22.4 99.5
No. 14............... 44.1 100.0
No. 28............... 71.2 100.0
No.48................ 92.0 100.0
No. 100............... 97.4 100.0
Fineness modulus..... 3.32 6.42
TABLE 2
STRENGTH OF CONCRETE AS DETERMINED BY TESTS OF 6-IN. BY 12-IN. CYLINDERS
Cylinder Age When Tested Ultimate Strength
Arch No. No. days lb. per sq. in.
27-3 1 55 3443
2 55 3447
3 55 3250
Av. 3382
27-4 1 54 3580
2 54 3371
3 54 3785
Av. 3580
27-5 1 60 4010
2 60 4100
3 60 3910
Av. 4006
27-6 1 47 3572
2 47 3310
3 47 3170
Av. 3351
28-1 1 64 3860
2 64 4100
3 64 3565
Av. 3842
28-2 1 56 3980
2 56 3905
3 56 3800
Av. 3895
28-3 1 63 3800
2 63 3940
3 63 4090
Av. 3943
28-4 1 56 3240
2 56 3885
3 56 3330
Av. 3485
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of the arch. All other contacts in the lever-and-hanger system were
tool steel knife-edges resting on the plane surfaces of tool steel inserts.
In addition to the knife-edges in the levers L1 and L2 normal to the
plane of the rib, there was also a horizontal knife-edge at the top and
bottom of each hanger parallel to the plane of the rib. These knife-
edges prevented the hangers from exerting any horizontal force or
lateral resistance upon the arch.
The horizontal thrust was delivered to the tie-rods through the
steel blocks B5 and B6. The block B5 was grouted to the end of the
abutment and the contact between B5 and B6 was a horizontal knife-
edge normal to the plane of the paper.
In order that the position of the vertical reaction of the abut-
ments might be determined, the concrete abutments were carried upon
the steel castings L4 and L4, each of which had two supports, one a
knife-edge bearing upon the steel casting L5, and the other a %-in.
steel ball bearing upon a jack. The load going through L5 was
weighed by the testing machine and that going through the jack by
the portable scales. The two components of the vertical reaction being
thus determined in amount and position, their resultant could be
located.
The casting L5, which carried most of the load, was mounted on
rollers, and the jack, which carried only a small portion of the load,
had a special cap consisting of two discs with polished and lubricated
surfaces in contact. The object of the rollers and the lubricated
surfaces was to prevent the abutment supports from exerting any
horizontal force upon the abutments, thereby causing all of the hori-
zontal thrust from the arch to be transmitted to the tie-rods TR1.
The angular position of an abutment was controlled by manipu-
lating the jack under the outer end of the lever L4. The abutments
usually rotated slightly as increments of the load were added and,
in tests with fixed abutments, it became necessary to manipulate the
jacks so as to return the abutments to their original angular position.
In the case of tests involving the rotation of an abutment a known
amount, the jack was manipulated until the desired rotation had
been obtained.
The transverse pins A and B, Fig. 15, extending through the rib
and located on the radial section at the springing, were provided for
attaching instruments to determine or control the angular position of
abutment. Two types of instruments were used. The portable level-
bar,* shown at the bottom of Fig. 11, was used in the early tests. It
*This instrument is described in detail in Univ. of Ill. Eng. Exp. Sta. Bul. 174, p. 10.
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FIc. 11. LEVEL BAR FOR MEASURING ROTATION OF ABUTMENT
can be used to determine the magnitude of a rotation or to adjust
the abutment to its initial angular position. In later tests the port-
able level-bar was replaced by a level bubble attached directly to
the horizontal top member of the triangular frame attached to pins
A and B and supporting the portable level-bar shown in Fig. 11. The
attached bubble proved more convenient in tests for which the angu-
lar position of the abutments remained constant, but it could not be
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FIG. 12. AMES DIALS FOR MEASURING CHANGES IN SPAN
used to measure the magnitude of a rotation. When the angular move-
ment of the abutments was measured by the level-bar, readings were
taken on both the east and west sides of each abutment, the arch
standing in a north-and-south plane while being tested. When the
angular position of the abutments was controlled by the attached
bubble, a bubble was placed on one side only of each abutment, since,
if there was any twist, only one side could be returned to its initial
angular position. Readings were taken with a portable level-bar on
the side not having an attached bubble to determine the magnitude
of any possible twist. Practically no twist occurred. The level-bar
used in these tests was 8 in. long, center to center of legs. This instru-
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FIG. 13. SPRINGS FOR MEASURING SMALL CHANGES IN THRUST
ment is both reliable and sensitive, having, as used on these tests,
a tolerance of about 0.00003 radian.
The length of the span was controlled by means of the nuts on the
rods TR1. Changes in the span were measured with the %-in. rods R
extending from abutment to abutment. These rods were placed in the
forms before the concrete was poured and, being anchored in the abut-
ments, they took the horizontal thrust due to dead load when the
arch was being moved. After the arch had been grouted in place in
the testing machine and the nuts on the tie-rods TR1 had been ad-
justed so as to transfer the thrust from the rods R to the rods TR1,
the former were cut near one abutment.
The distance between the two adjacent ends of a rod was measured
with an Ames dial attached in the manner shown in Fig. 12. The
portion of the rod R to the left of the mounting for the dial is rigidly
attached to the mounting; that portion to the right slides through a
hole in the mounting, and operates the plunger on the dial. The dial
is graduated to 0.001 in., and fractions of divisions were estimated.
The rods R were supported at frequent intervals by means of hangers
carried by the tie-rods TR1.
The method of using the dials to control the length of the span
was as follows: both dial readings were recorded before any load
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FIG. 14. SPRINGS FOR MEASURING LARGE CHANGES IN THRUST
was applied to the arch. If the abutments were to remain fixed during
a test the load was added in small increments, and the dial readings
were brought to approximately their initial value by manipulating
the nuts on TR1 after each increment. When the load had been
brought to a predetermined value the nuts were carefully adjusted
until the dial readings were brought very close to their initial value,
the jacks being manipulated at the same time so as to give the abut-
ments their correct angular position. If, instead of operating with
fixed abutments, the span was to be altered, the nuts were turned
until the desired change in span had been obtained.
The apparatus was very sensitive, and a change in one variable,
such as the angular position of an abutment, changed the other read-
ings, so that it was only by exercising patience that all of the vari-
ables could be brought to the desired value at the same time. Read-
ings of the variables were recorded so that if exact values were not
obtained, slight differences could be noted and the proper corrections,
which generally were quite small, could be made.
The thrust in the tie-rods was measured with calibrated springs,
light springs being used to measure the effect of abutment movements
and heavy ones to measure the effect of loads. Figure 13 shows the
way in which the springs for measuring the small thrusts were
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FIG. 15. SECTIONS AT WHICH STRAINS WERE MEASURED
mounted. The compression of each spring was measured with two
Ames dials, one above the spring and shown in the figure and the
other below the spring and not shown. The plates against which the
springs pressed were mounted on knife-edges and the ends of the
springs were faced in a lathe. The parts of the apparatus were marked
so that they could be assembled in the same manner when the springs
were calibrated as when they were used in a test. The springs used
to measure the variations in the thrust when the abutments were
being moved had a stiffness such that an increase of about 25 pounds
in the thrust on the arch produced a change of one division in the
readings of all dials.
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FIG. 16. FAILURE OF ARCH 27-3 AT LOAD-POINT N4
FIG. 17. ARCH 27-4 AT LOAD POINT N4, AFTER FAILURE HAD OCCURRED AT SECTION 83
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FIG. 18. FAILURE OF ARCH 27-4 AT SECTION S3
FIG. 19. FAILURE OF ARCH 27-5 AT SECTION N1
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FIa. 20. FAILURE OF ARCH 27-6 AT SECTION N1
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FIG. 21. FAILURE OF ARCH 28-1 JUST ABOVE SECTION N2
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FIG. 22. IMPENDING FAILURE IN RIB UNDER NORTH EXPANSION
JOINT, ARCH 28-2
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FIG. 23. FAILURE OF ARCH 28-2 UNDER SOUTH EXPANSION JOINT
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FIG. 24. NORTH END OF ARCH 28-3 AFTER FAILURE
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FIG. 25. FAILURE OF ARCH 28-4 UNDER NORTH EXPANSION JOINT
Fia. 26. CRACK IN RIB OF ARCH 28-4 UNDER SOUTH EXPANSION JOINT
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Figure 14 shows the springs that were used to measure the thrust
due to load. The springs had steel pins driven firmly into holes drilled
in the coils in such a manner that an Ames dial with conical ends
on the plunger and mounting could be placed with the conical ends
in holes in the pins, thus giving the distance between the pins. There
was a pair of pins on the near and far side of each spring, and the one
dial with mounting was used to take all readings. This method of
reading spring deflections was not as convenient as the one shown in
Fig. 13, but it had the advantage that the deflection of the spring
supports did not affect the dial readings. The Ames dial with its
special mounting was checked against a standard bar to detect acci-
dental changes in the instrument.
The stiffness of the springs used in measuring the thrust when
the arch was loaded to destruction was such that it required an in-
crease in the thrust of approximately 240 pounds to make a change
of one division in a dial reading.
A spring is not an extremely accurate instrument for measuring
forces, but it is believed that a spring having deflections measured in
the manner illustrated in Fig. 14 will give forces accurately within
2 or 3 per cent.
The strains in the concrete and in the steel were measured on two
gage lines on the extrados and two on the intrados, on a section mid-
way between each pair of adjacent columns, seven sections in all.
The locations of these sections are shown in Fig. 15. The gage holes
for measuring the strain in the concrete were in the ends of steel
rods extending radially through the rib, as shown in Fig. 8. The
strain in the reinforcing steel was measured through holes in the con-
crete formed by stools made of steel conduit set in the manner illus-
trated in Fig. 8. The steel stool, remaining in place during the test,
compensated for the loss of concrete due to the hole.
The gage lines were eight inches long for both the steel and the
concrete. A special strain-gage having long slender legs was used to
read the strain in the steel; it had a nominal multiplication ratio of
5 to 1.5. The instrument used to read the strain in the concrete had
a nominal multiplication ratio of 5 to 1.0. Both instruments were cali-
brated and the true multiplication ratio was used in determining the
results of the tests.
The apparatus described, except standard instruments such as the
Ames dials, level-bars, and strain gages, was designed and built es-
pecially for these tests. The requirements were:
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TABLE 3
REACTIONS AT NORTH ABUTMENT DUE TO UNIT LOADS AND
UNIT MOVEMENTS OF ABUTMENTS
Values are for rib without deck
Abutment Reactions
Load Point
N2
N3
N4
S4
S3
S2
Moment
-17.802
-12.563
+5.571
+17.915
+14.920
+4.990
Rib Shortening Effect,
H = 1 lb. -1.138
S Spreadt
'o 0.10 in. -- 63.543
rI Settlement
0.10 in. +9.039
SRotationt
0.001 Radian, Top
Tipping In +37.279
Rotation of South Abutment
0.001 Radian, Top Tipping In -18.297
H
0.197
0.681
1.121
1.121
V
0.966
0.845
0.630
0.370
0.681 0.155
0.197 0.034
0.0287 0.000
1.603 0.000
0.000 86
654 90
654 90
A plus sign (+) indicates that the flexural stress on the bottom of the rib is tension.
*Effect of Rib Shortening not included for Loads.
tEffect of Rib Shortening included for Spread.
EEffect of Rib Shortening not included.
Forces are in pounds and moments in inch-pounds.
E = 2 500 000 lb. per sq. in.
Values are for rib 6 in. wide reinforced with four Y2 -in. round plain bars.
(1) The abutment movements were to be entirely controlled so
that rotation and spread could be prevented, or that any desired rota-
tion or spread could be produced and measured.
(2) The reactions of the abutments were to be entirely determined
so that the horizontal and vertical components of each abutment reac-
tion could be obtained in magnitude and position.
(3) The load was to be distributed to the various load points in
accordance with a predetermined plan.
(4) The loading apparatus was to produce no lateral force upon
the arch and offer no resistance to its lateral movement.
(5) The strain in the concrete and in the steel was to be determined
at a number of sections under each load.
The apparatus used is quite complicated, but it functioned well
and, it. is believed, met all of the requirements stipulated.
$2
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TABLE 4
THEORETICAL ABUTMENT REACTIONS DUE TO A 1000-LB. UNSYMMETRICAL LOAD
The rate of loading is 50 per cent greater on the north than on the south half of the arch
Values are for rib without deck
Load Point
N2
N3
N4
S4
North Abutment Reactions South Abutment Reactions
Load
276
185
139
S3 123
S2 184
II
54.3
126.0
155.8
104.2
V M
266.5 -4913
156.4 -2324
87.6 +774
34.4 +1666
83.8 19.0 +1835
H V M
54.3
126.0
155.8
104.2
83.8
36.2 6.3 +918 36.2
Total, Rib Shorten-
ing Not Included.. 1000 3 560.3 570.2 -2044 560.3
Effect of Rib Short-
-^- ----
9.5 +i1377
28.7 +2760
51.4 +2490
58.6 +518
103.9 -1545
177.7 i-3276
429.8 +2324
-- -
ening........... -18.0 000.0 -713 -18.0 000.0 -713
Total, Rib Shorten-
ing Included...... 542.3 570.2 -2757 542.3 429.8 +1611
Forces are in pounds, moments are in inch-pounds; a plus (+) sign indicates that the flexural stress
in the bottom of the rib is tension.
E = 2 500 000 lb. per sq. in.
Values are for rib 6% in. wide, reinforced with four /2 -inch round plain bars.
TABLE 5
GEOMETRICAL PROPERTIES OF ARCH RIB
Angle
X Y Tangent
Referred Referred Depth to Axis Equiv. Area of Moment
Section to North to North of Makes Area of Concrete of
Springing Springing Rib With Section* Inertia
Horiz.
N1............. 15 14.81 9.06 400 05' 64.13 54.71 503
N2............. 45 34.36 6.67 250 20' 49.49 40.07 209
N3............. 75 44.80 5.40 120 40' 41.72 32.29 113
Center.......... 105 48.06 5.00 0° 00' 39.27 29.84 91
*n = 12.
Dimensions are in inches.
Values are for rib 6 / in. wide reinforced with four h-in. plain round bars.
The moment of inertia is based upon the assumption that the concrete resists tension.
In making a test all instruments were read twice after each in-
crement of load had been applied, the intial set of readings, in general,
being completed before the check set was started. Readings were gen-
erally accepted if two successive values agreed within 1.5 divisions
of the dial for the strain gages, and within one division for the level-
North Abutment Reactions South Abutment Reactions
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TABLE 6
THEORETICAL VALUES OF TANGENTIAL THRUST, MOMENT, AND STRESS, AT VARIOUS
SECTIONS DUE TO A 1000-LB. UNSYMMETRICAL LOAD
Values are for rib without deck
Unit Stress in lb. per sq. in.
Section 'Tang. Thrust Moment
Top Bottom
N1................. 782.1 -2235 +7.9 -32.3
N2................ 616.0 +129 -14.5 -10.3
N3.......... ....... 553.0 +518 -25.7 -0.9
Center............. 542.5 --59 -12.2 -15.4
S3................. 556.0 -- 574 +0.4 -27.0
82............. .... i 595.3 -441 -5.0 -19.0
S1.................. 691.6 +27 -11.0 -10.6
For stress, (+) indicates tension and (-) compression.
For moment, (+) indicates that the flexural stress is tension on the bottom of the rib.
E = 2 500 000 lb. per sq. in.
The horizontal thrust is 542.5 lb.
Values are for rib 6Y8 in. wide, reinforced with four 2 -in. plain round bars.
bar, except near the end of a test, when the time-yield in the con-
crete at high stresses, occurring in the interval between successive
readings, caused the two sets of readings to differ by more than the
established tolerances. The differences were due to a change in the
strain and not to errors in observations or to inaccuracies in the
instruments. In general the differences between two successive sets
of observations were much less than the arbitrarily-established toler-
ances given.
5. Properties of the Arch Rib.-The theoretical relations between
abutment movements and reactions and between loads and reactions
were determined on the basis that the concrete resists tension, and
that the modulus of elasticity of the concrete was 2 500 000 lb.
per sq. in. at all sections and at all loads.* The reactions due to unit
loads and to unit movements of the abutments are given in Table 3,
and the reactions due to a 1000-lb. load are given in Table 4. The
geometrical properties of the arch rib are given in Table 5 and the
stress at various sections due to a 1000-lb. load is given in Table 6.
The values given in Tables 3 to 6, inclusive, were obtained by ap-
plying the elastic theory of arch analysis to a rib without deck,
taking into account the effect of rib shortening.
The composite structure consisting of the rib, spandrel columns,
and deck, was not analyzed mathematically.
*See Bulletin 202, Section 12, page 81.
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TABLE 7
SCHEDULE FOR POURING AND TESTING ARCHES
Poured
Jan. 18, 1927 (p.m.)
Feb. 7, 1927 (a.m.)
Apr. 8, 1927 (p.m.)
Apr. 21, 1927 (a.m.)
Nov. 2, 1927 (a.m.)
Nov. 10, 1927 (a.m.)
Dec. 8, 1927 (a.m.)
Dec. 15, 1927 (p.m.)
Stripped
and Wrapped
in Burlap
Jan. 21, 1927 (p.m.)
Feb. 9, 1927 (a.m.)
Apr. 11, 1927 (p.m.)
Apr. 25, 1927 (a.m.)
Nov. 4, 1927
Nov. 12, 1927 (a.m.)
Dec. 10, 1927 (a.m.)
Dec. 17, 1927 (a.m.)
Burlap
Removed
Jan. 31, 1927 (a.m.)
Feb. 21, 1927
Apr. 25, 1927
May 7, 1927
Nov. 12, 1927 (p.m.)
Nov. 19, 1927 (a.m.)
Dec. 17, 1927 (a.m.)
Dec. 24, 1927 (a.m.)
Tested
Mar. 12, 1927
Apr. 1, 1927
June 4, 1927
June 10, 1927
Dec. 29, 1927
Jan. 4, 1928
Feb. 2, 1928
Feb. 8, 1928
Age
in
Days*
53
52
57
50
57
55
56
55
*Age at end of test.
III. DESCRIPTION OF TESTS
6. General.-This bulletin contains the report of tests of eight
specimens. Two specimens were ribs without deck that were used
as a basis of comparison in determining the effect of the deck upon
the behavior of the rib. The other six specimens were composite struc-
tures consisting of a rib, spandrel columns, and deck. The ribs of all
specimens were alike.
All arches were subjected to an unsymmetrical load, the rate of
loading being 50 per cent greater on the north than on the south half.
Some tests were planned to determine the effect of loads, others to
determine the effect of abutment movements. For tests to determine
the effect of loads the abutments were kept as nearly stationary as
possible, and the slight movements that did take place were noted.
For tests to determine the effect of abutment movements, the load was
kept as nearly constant as possible, and the slight changes in the load
that did take place were noted.
The apparatus and specimens are described in Sections 3 and 4
and the details of the tests are given in Section 7. The schedule
for pouring and testing the arches is given in Table 7.
7. Details of Tests.-The initial load for each arch consisted of
the weight of the arch and the apparatus. This load was distributed
in a manner slightly different from that in which the load derived
from the testing machine was distributed and, since it was small com-
pared with the total load, it was taken as the zero or basic load in
studying the relation between increments of load and increments of
abutment reactions, strains, and stresses. The ultimate load reported
for each arch, however, includes the weight of the arch and apparatus.
The details of the tests are given in Tables 8 to 15, inclusive.
Arch
No.
27-3...
27-4...
27-5...
27-6...
28-1. .
28-2...
28-3...
28-4...
_~
I
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TABLE 8
DETAILS OF TEST, ARCH 27-3
Rib without deck
Load on Arch in
Addition to Weight
of Rib and
Apparatus
(1) 0
(2) 17 173
(3) 28 270
(4) 46 781
(5) 65 593
(6) 70 955
(7) 82 861
(8) 89 851
(9) 102 586
Remarks
Abutments Fixed. Arch Subjected to Load
March 11. A complete set of readings was taken at loads (1), (2), (3), and
(4). Load (4) remained on the arch overnight.
March 12. A complete set of readings was taken at load (5). First tension
cracks appeared at bottom of rib under load-point N4 at load (5).
Abutment readings only were taken at loads (6), (7), (8), and (9).
Compression failure seemed impending near load-point N4 at load (9). The
arch failed at this section after standing for 15 minutes without further
increase in load. The ultimate load, including the weight of the rib and
apparatus, was 111 436 lb. The character of the failure is shown in
Fig. 16.
Control Cylinders. The average strength of three control cylinders was
3382 lb. per sq. in. at 56 days, two days older than the arch at the
completion of the test.
TABLE 9
DETAILS OF TEST, ARCH 27-4
Rib without deck
Load on Arch in
Addition to Weight
of Rib and Remarks
Apparatus
(1) 0 Abutments Fixed. Arch Subjected to Load
(2) 17 019
(3) 30 337 March 31. A complete set of readings was taken at loads (1), (2), and (3).
(4) 46 273 Load (3) remained on the arch overnight.
(5) 61 052
(6) 73 252 April 1. A complete set of readings was taken at loads (4), (5), (6), and (7).
(7) 86 924
(8) 95 267 First tension cracks occurred under load (6) at top of section N1. At load (7)
(9) 104 322 a vertical crack formed in the north abutment beginning at the bottom
(10) 127 067 and extending almost to the springing. The load was reduced to 20 000
lb. and a steel clamp was put on the abutment, care being taken not to
disturb the rods measuring the span of the arch or the plugs carrying the
level bar. It is believed that the cracks did not seriously influence the
remainder of the test.
A crack appeared at the bottom of the rib under load-point N2 at load (8).
A flexural failure started to develop at load-point N4, Fig. 17, but final
failure was an abrupt compression failure at section S3, Fig. 18, under
load (10). The ultimate load, including the weight of the rib and appara-
tus, was 135 917 lb.
Control Cylinders. The average strength of three control cylinders was
3580 lb. per sq. in. at 54 days, three days older than the arch at the
completion of the test.
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TABLE 10
DETAILS OF TEST, ARCH 27-5
Arch with deck
Load on Arch in
Addition to Weight
of Arch and
Apparatus
(8) 0(9) 0(10) 0
(11) 0
(12) 0(13) 31 036
(14) 0
(15) 60 110(16) 84 360(17) 112 185(18) 122 115(19) 136 779
(20) 146 914(21) 158 172
(22) 166 377
Remarks
Spread and Rotation of Abutments
June 2. A complete set of readings was taken at load (8), weight of arch and
apparatus. The abutments were then spread about 0.10 of an inch
without rotation, the load remaining constant, and a complete set of
readings was taken at load (9). The abutments were returned to their
original position and a complete set of abutment readings was taken at
load (10). The abutments were then rotated, the tops tipping inward,
the load and span being kept constant, and a complete set of readings
was taken at load (11).
Load Tests
June 2. The abutments were returned to their normal position and abut-
ment readings were taken at load (12) and a complete set of readings
was taken at load (13).
June 4. Abutment readings were taken at loads (14) to (21), inclusive, and a
complete set of readings was taken at loads (13), (15), (16), (17), and(20). The arch failed at a total load including the weight of the rib and
apparatus of 176 000 lb.
Cracks were discovered as follows:
Load 15. Outside base Col. N1.
Inside base Col. S1.
Load 17. Bottom of deck 3 in. north of S2.
Top of deck 3 in. south of 83.
Bottom of deck 1.5 in. north of S3.
Top of deck 0.5 in. south of 84.
Bottom of deck 3 in. south of N4.
Top of deck 4 in. north of S4.
Bottom of deck 3 in. north of N3.
Outside base of Col. S3.
Inside base of Col. N1.
Hair crack at springing intrados.
Load 19. Outside face of Col. N1, and inside and outside face of Sl.
Bottom of deck 3 in. north of N2.
Outside of rib north of N1.
Load 21. Spalling east side of rib just north of N3.
Load 22. Flexural failure occurred at section N1.
The ultimate load, including the weight of the rib and apparatus, was
176 000 lb. Column N1 pulled out of deck. Character of failure shown
in Fig. 19.
Control Cylinders. The average strength of three control cylinders was
4006 lb. per sq. in. at 60 days, three days older than the arch at the
completion of the test.
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TABLE 11
DETAILS OF TEST, ARCH 27-6
Arch with deck
Load on Arch in
Addition to Weight
of Arch and
Apparatus
(2) 0
(3) 0
(4) 0
(5) 0
(6) 0
(7) 0
(8) 30 966
(9) 47 578
(10) 0
(11) 79 795
(12) 112 108
(13) 124 009
(14) 131 233
(15) 145 300
(16) 146 655
Remarks
Spread and Rotation of Abutments
June 8. A complete set of readings was taken at load (2), weight of arch and
apparatus. The abutments were then spread about 0.10 in. without
rotation, the load remaining constant, and a complete set of readings
was taken at load (3).
June 9. The abutments were returned to their original position and the abut-
ment readings were taken at load (4). The abutments were then ro-
tated, the tops tipping inward, and a complete set of readings was taken
at load (5).
Load Tests
June 9. The abutments were returned to their normal position and a com-
plete set of readings was taken at load (6). The abutment readings
were taken at load (7) and a complete set of readings was taken at loads
(8) and (9).
June 10. The load had been removed the evening of June 9 and the abut-
ment readings were taken the morning of June 10 when the apparatus
was subjected to load (10), the weight of the arch and apparatus. A
complete set of readings was taken at loads (11), (12), and (14) and the
abutment readings only were taken at load (13). Load readings only
were taken at loads (15) and (16).
Cracks were discovered as follows:
Load 5. Six inches above springing, north intrados.
Load 11. Bottom of deck north of Col. N2.
Bottom of deck 4 in. north of Col. N3.
Bottom of deck 3 in. north of Col. N4.
Bottom of deck 4 in. south of Col. S4.
Bottom of deck 4 in. south of Col. S3.
Bottom of deck 4 in. south of Col. S2.
No cracks on top of deck.
A large crack appeared on the north face of the north abutment. Steel
clamps were attached to the abutment to close this crack.
Load 12. Top of deck north of Col. N1.
Top of deck south of Col. N2.
Top of deck north of Col N3.
Top of rib at section N1.
South base of Col. N3.
Bottom of deck north of S2.
Load 14. Top deck north of Col. S4.
North base of Col. S4.
Spalling of rib north of N3.
Load 15. Spalling at bottom of rib at section N1.
Load 16. Flexural failure at section N1.
The maximum load, including the weight of the arch and apparatus, was
156 300 lb. The character of the failure is shown by the photograph
of Fig. 20.
Control Cylinders. The average strength of three control cylinders was
3351 lb. per sq. in. at 47 days, three days younger than the arch at the
.end of the test.
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TABLE 12
DETAILS OF TEST, ARCH 28-1
Arch with deck
Load on Arch in
Addition to Weight
of Arch and
Apparatus
(3) 0
(4) 12 265
(5) 25 391
(6) 24 161
(7) 24 107
(8) 24 177
(9) 24 199
(10) 24 057
(11) 24 206
(12) 23 940
(13) 24 222
(14) 24 212
(15) 24 243
(16) 24 185
(17) 24 162
(18) 24 161
(19) 24 257
(20) 24 207
(21) 24 006
(22) 24 133
(23) 24 967
(24) 24 031
(25) 23 925
(26) 0
(27) 33 365
(28) 56 754
(29) 81 769
(30) 101 316
(31) 119 004
(32) 132 922
(33) 148 753
(34) 163 390
(35) 176 496
Remarks
Spread of Abutments
Dec. 26. A complete set of readings was taken at load (3), the weight of the
arch and apparatus. Abutment readings were taken at load (4) and a
complete set of readings was taken at load (5). The abutments re-
mained in their original position for all of these readings.
Dec. 27. A complete set of readings was taken at load (6), the abutments
being in their normal position. Load (6) was used as the base load in
determining the effect of a change in the span. The span was decreased
about 0.10 in. in six increments, the angular position of the abutment
and the load remaining practically constant. A complete set of readings
was taken at loads (8), (10), (12), and abutment readings only were
taken at loads (7), (9), and (11).
Dec. 28. The abutments were returned to their original position and the test
to determine the effect of a change in span was repeated. Load (13) was
the base load for the new test. Readings were taken on the abutment
only at loads (13) to (20) inclusive.
Rotation of Abutments
Dec. 28. Observations were made at loads (21) to (25) inclusive to determine
the effect of rotation of the abutments. Readings on the abutments
only were taken at these loads.
Load Tests
Dec. 29. Load (26), the weight of the rib and apparatus, was the base load in
the tests to determine the effect of load, the abutments remaining fixed.
A complete set of readings was taken at loads (26), (27), (28), (29), and(31). Abutment readings only were taken at loads (30), (32), (33),(34), and (35).
Cracks were discovered as follows:
Load (19). At intrados at south springing.
Load (24). At intrados at south springing.
Load (30). Top of rib 3 in. south of Col. N1. Abutment cracked and clamped.
Load (31). On top of rib at section N1.
On north side of columns at junction of column with web of deck for
Cols. N1, N2, and N3.
Load (32). In web of deck 6 in. north of Col. N3.
In flange of deck at Col. N3.
Load (33). In web of deck between Cols. N2 and N3.
In web of deck at north side of Col. S3.
In web of deck 4 in. north of Col. N2.
Load (34). Spalling top of rib north of Col. N3.
Arch rib broke north of Col. N3 at a load, including weight of rib and ap-
paratus, of 186 779 lb. Column N2 failed in compression. The char-
acter of the failure is shown in Fig. 21.
Control Cylinders. The average strength of three control cylinders was
3842 lb. per sq. in. at 64 days, 7 days older than the arch at the time the
test was completed.
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TABLE 13
DETAILS OF TEST, ARCH 28-2
Arch with deck
Load on Arch in
Addition to Weight
of Arch and
Apparatus
(2) 0
(3) 8 465
(4) 21 909
(5) 29 348
(6) 28 662
(7) 28 805
(8) 28 549
(9) 21 971
(10) 21 837
(11) 21 984
(12) 21 983
(13) 22 142
(14) 0(15) 14 762
(16) 25 185
(17) 40 052
(18) 52 310
(19) 63 167
(20) 71 237
(21) 83 827
(22) 106 128
(23) 126 367
(24) 135 182
Remarks
Spread of Abutments
Jan. 2. A complete set of readings was taken at load (2), weight of arch and
apparatus. Abutment readings and strain readings in the rib below the
expansion joints were taken at loads (3) and (4).
Jan. 3. A complete set of readings was taken at load (5), the base reading for
the test to determine the effect of spread. The span was changed a total
of approximately 0.10 in. in three increments, readings on the abutments
being taken at loads (6) and (7) and a complete set of readings at load (8).
Rotation of Abutments
Jan. 3. A complete set of readings was taken at load (9), the base reading for
the test to determine the effect of rotating the abutments. The abut-
ments were rotated in four increments, the tops tipping inward. Read-
ings were taken on the abutments at loads (10), (11), and (12), and a
complete set of readings was taken at load (13).
Load Tests
Jan. 4. A complete set of readings was taken at load (14), the weight of the
arch and apparatus. This was the base in the test to determine the
effect of load. A complete set of readings was taken at loads (16), (18),
(20), and (21). Readings on the abutments were taken at loads (15),
(17), (19), (22), and (23).
Cracks were discovered as follows:
Load (2). Bottom of rib under both expansion joints.
Top of rib at south side of Col. S4.
Top and side of rib 8 in. north of Col. S3.
Load (19). Top of rib at section N1.
Bottom of rib at section N3.
Load (20). Bottom of rib north of Col. N4.
No cracks found in deck.
Load (21). Bottom of rib south of Col. N3.
Top of rib 2 in. south of Col. N1.
Load (22). Top of rib under south expansion joint.
Load (23). Longitudinal cracks on side of rib near the top and under the
north expansion joint. North expansion joint closed in a few minutes as
the arch stood under this load.
Load (24). Failure was developing in the rib under the north expansion
joint but did not progress after the joint closed. Failure finally occurred
in the rib under the south expansion joint.
The condition of the rib under the north expansion joint is shown in Fig. 22
and the failure of the rib under the south expansion joint is shown in
Fig. 23. The total ultimate load, including the weight of the arch and
apparatus, was 145 465 lb. Failure probably would have occurred under
the north expansion joint at a load of 136 650 lb. if the north expansion
joint had been wider so that the ends of the deck adjacent to it would
not have come together.
Control Cylinders. The average strength of three control cylinders was
3895 lb. per sq. in. at 56 days, one day older than the arch at the time
the test was completed.
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TABLE 14
DETAILS OF TEST, ARCH 28-3
Arch with deck
Load on Arch in
Addition to Weight
of Arch and
Apparatus
(2) 0(3) 11 567
(4) 26 831
(5) 27 334
(6) 27 340
(7) 27 250
(8) 27 375
(9) 27 355
(10) 26 950
(11) 27 013
(12) 26 985
(13) 26 914
(14) 26 891
(15) 0
(16) 16 381
(17) 32 183
(18) 45 903
(19) 58 715
(20) 71 618
(21) 84 385
(22) 97 015
(23) 107 958
(24) 120 992
(25) 133 955
(26) 151 276
(35) 160 143
(36) 170 423
(37) 179 738
Remarks
Rotation of Abutments
Jan. 28. A complete set of readings was taken at load (2), the weight of the
arch and apparatus. Abutment readings were taken at load (3) and a
complete set of readings was taken at load (4).
Jan. 31. A complete set of readings was taken at loads (5) and (9) and abut-
ment readings were taken at loads (6), (7), and (8), the abutments hav-
ing been rotated before each set of readings was taken.
Spread of Abutments
Jan. 31. The abutments were returned to their original position and a com-
plete set of readings was taken at load (10). The abutments were then
spread a total of about 0.10 in. in four increments. A complete set of
readings was taken at load (14) and readings were taken on the abut-
ments at loads (11), (12), and (13).
Load Tests
Feb. 1. The abutments were returned to their original position and a com-
plete set of readings was taken at load (15), the weight of the arch and
apparatus. A complete set of readings was taken at loads (17), (19),
(21), (23), and (25), and readings were taken on the abutments at loads
(16), (18), (20), (22), (21), and (26). The scale under the north abut-
ment broke under this load. As the arch showed no signs of injury the
scales were blocked up and the test continued.
Feb. 2. Readings were taken on the abutment only at loads (35), (36), and
(37).
Cracks were discovered as follows:
Load (14). On the intrados at the south springing.
Load (23). Top of rib at section N1.
Intersection of south face of Col. 2 and rib.
North side of column at junction with web of deck at Cols. N2 and N3.
In web of deck 10 in. north of Col. N3.
North face of north abutment.
Load (24). Horizontal shrinkage crack in web of deck opened up between
Cols. N2 and N3.
Load (35). Crack in top of rib at section N1 still a hair crack.
Load (36). Vertical crack in Col. N4 opening up on diagonal from north
bottom to south top.
Load (37). Crack in web of flange opened up. The failure of the deck was
followed immediately by the failure of the rib at section N1.
The maximum load, including the weight of the arch and apparatus, was
189 731 lb. The character of the failure is shown in Fig. 24.
Control Cylinders. The average strength of three control cylinders was
3943 lb. per sq. in. at 63 days, seven days older than the arch at the
time the test was completed.
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TABLE 15
DETAILS OF TEST, ARCH 28-4
Arch with deck
Load on Arch in
Addition to Weight
of Arch and
Apparatus
(2) 0
(3) 11 004
(4) 25 938
(5) 25 921
(6) 25 451
(7) 24 888
(8) 24 921
(9) 24 816
(10) 24 846
(11) 24 976
(12) 25 030
(13) 0
(14) 17 943
(15) 31 393
(16) 45 059
(17) 57 366
(18) 71 675
(19) 84 182
(20) 95 566
(21) 105 373
(22) 116 789
(23) 127 140
(24) 131 823
Remarks
Rotation of Abutments
Feb. 6. A complete set of readings was taken at load (2), the weight of the
rib and apparatus. The abutment readings were taken at load (3) and a
complete set of readings was taken at load (4). The abutments were
then rotated in three increments. Readings were taken on the abut-
ments at loads (5) and (6) and a complete set of readings was taken at
load (7).
Spread of Abutments
Feb. 7. The abutments were returned to their original position and a com-
plete set of readings was taken at load (8). The abutments were then
spread a total of about 0.12 in. in four increments. The abutment read-
ings were taken at loads (9), (10), (11), and a complete set of readings
was taken at load (12).
Load Tests
Feb. 8. The abutments were returned to their original position and a com-
plete set of readings was taken at load (13), the weight of the arch and
apparatus. A complete set of readings was taken at loads (15), (17),
(19), and (21). Readings were taken on the abutments at loads (14),
(16), (18), (20), (22), (23), and (24).
Cracks were discovered as follows:
Load (6). On bottom of rib at south springing.
On bottom of rib 4 in. north of section S3.
Load (7). On bottom of rib 4 in. south of section S3.
Load (8). Bottom of Col. N1 on north side.
Top of rib 4 in. north of section N1.
Top of Col. N1 on south side at junction with web of deck.
Load (12). Top of rib just north of section S3.
Bottom of rib at south springing, crack has increased in width.
Load (17). Top of rib at section N1.
Load (19). North face of north abutment.
Top of rib at north springing extending down an inch on each side of rib.
North face of Col. N1 10 in. above rib. Crack at base had widened.
South face of Col. N1 at top, crack had widened.
Bottom of deck flange on west side at Col. N2. Extended up west side of
flange 1.5 in.
Load (20). Top of rib 2 in. south of south face of Col. N1.
Intersection of north face of Col. N1 and rib.
Load (21). Horizontal crack at intersection of web and flange of deck, on
west side of web at Col. N2.
Bottom of flange of deck on west side at crown of arch.
Load (22). Top of rib at north face of Col. N1, crack widened.
At crown of arch the crack extended through the flange of the deck.
Load (23). Longitudinal crack along reinforcing top steel under south ex-
pansion joint. Horizontal crack at junction of web and flange in center
panel of deck.
Load (24). Rib failed under north expansion joint, at a maximum load, in-
cluding the weight of the arch and apparatus, of 131 823 lb.
The character of the failure is shown in Fig. 25. Impending failure in the rib
under the south expansion joint is shown in Fig. 26.
Control Cylinders. The average strength of three control cylinders was
3485 lb. per sq. in. at 56 days, one day older than the arch at the time
the test was completed.
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IV. RESULTS OF TESTS
8. Relation between Load and Horizontal Thrust.-The distribu-
tion of the load on an arch to the various load points is indicated in
Fig. 2 and the method of measuring the horizontal thrust is described
in Section 4 and illustrated in Figs. 13 and 14. The theoretical value
of the horizontal thrust on a rib without deck is 542.5 lb. for a 1000-lb.
load distributed in the manner shown.
The relation between the load and the horizontal thrust for a
rib without deck is shown in Fig. 27. The full lines indicate the theo-
retical and the broken lines the measured values. If the assumptions
upon which the theory is based were correct and if the measurements
were accurately made, the two diagrams, one representing the theo-
retical and the other the measured value of the thrust, would coincide.
Actually they agree very closely.
The resultant moment at the crown of the arch is a small differ-
ence between two large moments opposite in sense. A considerable
part of the positive moment is due to the horizontal component of the
abutment reaction and a slight error in this horizontal component
makes a relatively large error in the resultant moment. The moment
at the crown of the arch is therefore a very sensitive check upon
the magnitude of the horizontal abutment reactions. The stress at the
top and bottom of the rib at the crown was determined from the
measured reactions and also from the strain gage readings.* The
stress obtained from the measured strain agrees very closely with the
theoretical value, but the stress obtained from the measured reac-
tions indicates that the measured values of the reactions are slightly
greater than the true values, suggesting that the slight difference be-
tween the measured and the theoretical values of the horizontal re-
actions due to a load is due to a small error in the measured value.
The relation between the load and horizontal thrust for arches
with decks, specimens 27-5, 27-6, 28-1, 28-2, 28-3, and 28-4, is shown
in Fig. 28. In these diagrams the full lines represent the theoretical
values for a rib without deck, and the broken lines the measured
values for the arches with decks. The arches that had high decks
without expansion joints were 27-5, 27-6, and 28-1. For these the
ratios of the measured to the theoretical values of the horizontal re-
actions were 1.05, 1.06, and 1.03, respectively. For the arch having
a high deck containing expansion joints, arch 28-2, the ratio of the
measured to the theoretical value of the reaction was 1.04. The two
arches having low decks were 28-3, without expansion joints, and 28-4,
*Section 10.
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with expansion joints. The ratios of the measured to the theoretical
values of the horizontal reactions were 0.99 and 1.06, respectively.
The horizontal reaction cannot be checked by the measured stress
in the case of an arch having a deck without expansion joints, but
the reaction can be checked by the measured stress at the section
in the rib under the expansion joint in the case of an arch having
a deck with expansion joints. An inspection of the diagrams of Figs.
43 and 45 shows that for the unit stress at sections N3 and S3, the
stress obtained from the theoretical horizontal thrust for a rib without
deck and the stress obtained from the measured strains are in fair
agreement, indicating that the discrepancy between the measured and
the theoretical values of the horizontal thrust is due to an inaccuracy
in the measured value in the case of arches 28-2 and 28-4.
9. Relation between Load and Moment on Abutments.- The
mechanism for supporting the abutments, described in Section 4 and
illustrated in Fig. 10, was designed to give the location as well as the
magnitude of the vertical reaction on each abutment. Both the po-
sition and the magnitude of the reaction being known, the moment at
the springing could be determined.
The theoretical value of the moment at the springing of a rib
without deck due to a 1000-lb. load is given in Table 4. The relation
between the load and the moment on the abutments for a rib without
deck is given in Fig. 29, and for an arch with deck in Fig. 30. The
ENGINEERING EXPERIMENT STATION
+t
XI
I'
N
3'
N
00oo
/60
/208
0E 4
160
~/20
80
40
Arch
Arch S8-3I i Arch 8-4
I I
FO 40 CO 
60 & CO 
40 60
/d
Arh 2-/ I I I 2-2
0 -0 eore40 6E B0 . er s ., ( 40 6o 0/y
/i /'
Arc-h 28-S Arch 28-2
0 g0 40 60 80 0 20 40 O 8.
2
FIG. 28.
HorizonMr/ Thrust in /OOOs of Potunds
RELATION BETWEEN LOAD AND HORIZONTAL THRUST, ARCH WITH DECK
L
I
L
TI
--o" ^^
F
I I
TESTS OF REINFORCED CONCRETE ARCHES WITH DECKS
Lo_'d o0n Arc- /A? /1000s of Pouj'nds
FIG. 29. RELATION BETWEEN LOAD AND MOMENT ON ABUTMENTS,
RIB WITHOUT DECK
light line represents the theoretical value for a rib without deck
in all cases; the heavy lines represent measured values. Figure 29
shows that the agreement between the theoretical and the measured
values for a rib without deck is excellent for arch 27-4, and fair for
arch 27-3. Figure 30 shows that for arches 27-5 and 27-6, arches with
high decks having no expansion joints, the measured value of the
moment is less than the computed at the north springing where the
computed value is greatest, and that the measured value is greater
than the computed at the south springing where the computed value
is least.* Figure 30 also shows that, for the arches having a high deck,
the measured and the computed values of the moment at the abut-
ment agree well for the arch having expansion joints in the deck,
but the measured value of the moment is only about half as great
as the computed value for 28-1, the arch having no expansion joints.
*The moment of inertia of the deck slab is less for arches 27-5 and 27-6 than it is for
the arches of the 28- series.
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For the arches having a low deck the computed and the measured
values of the moment at the north abutment agree, but for the south
abutment the measured exceeds the computed value for the arch 28-4,
having expansion joints, and the measured is less than the com-
puted for the arch 28-3, having no expansion joints. The results are
not entirely consistent, but there is some evidence that the expansion
joint in the deck increases the moment on the abutment.
The moment reported in Figs. 29 and 30, inclusive, is the moment
of the abutment reactions, and it is resisted partly by the spandrel
column at the abutment, and partly by the section of the rib at the
springing. The moment to which the rib is subjected is the moment
on the abutment less the moment taken by the end column.
10. Unit Stress Due to Load-Rib without Deck.-The theoretical
stress in a rib without deck can be computed by the elastic theory.
The unit stress at various sections due to a 1000-lb. load is given in
Section 5. The stress can also be computed for an arch consisting
of a rib and deck, but the computations are so involved that they
are seldom undertaken. They have not been made for the experimental
arches.
The strains in the concrete and in the steel were measured at seven
sections of the arch rib by means of a strain gage. The location of the
sections at which strains were measured is shown in Fig. 15. Stress
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can be determined from strain providing the stress-strain relation for
the material is known. The modulus of elasticity of steel is quite
constant; for these tests it was assumed to be 30 000 000 lb. per sq.
in. The stress-strain relation for concrete, however, is a very uncer-
tain quantity, and its value is so seriously influenced by the manner
in which a specimen is poured that strain-gage readings on an arch
cannot be interpreted from the stress-strain relation of a control
cylinder. Fortunately, however, the tangential thrust* can be deter-
mined at every section of an arch from the measured loads and re-
actions. This thrust, less the stress taken by the steel, determined
from the strain-gage readings on the latter, is the axial load on the
concrete. This axial load divided by the area of the concrete gives
the average unit stress on the concrete.
The mean unit strain was determined at each section from the
strain-gage readings at the top and bottom of the rib. In this way
the stress-strain relation was determined at each section from the
measured stress and strain for the concrete at that section. If the
strains at the top and bottom, for a given section, are equal, the
average-stress-mean-strain relation will be the true stress-strain re-
lation; if the strain at the top and bottom differ an error is introduced
due to the curvature of the stress-strain diagram, but even so the
strains top and bottom give a fair indication of the position of the
thrust line. The stress determined from the average-stress-mean-
strain diagram has been designated as the measured stress. If the
thrust is eccentric, the true stress is greater than this so-called
measured stress, the ratio of the former to the latter depending upon
the eccentricity of the thrust and the magnitude of the stress.
The relation between the average stress and the mean strain
is given in Fig. 31 for arch 27-3. Similar diagrams were constructed
for the other arches. The measured strain was converted into stress
by the use of these diagrams, the stress at a particular section being
determined from the diagram for that particular section of that par-
ticular arch. As previously stated, the stress thus determined is desig-
nated as the measured stress, a quantity practically equal to the true
stress at sections where the moment is small but somewhat less than
the true stress at sections where the thrust is near the edge or outside
of the kern.
The relation between the load and the unit stress for the ribs with-
out deck, arches 27-3 and 27-4, is given in Figs. 32 and 33. In these
*There is a slight error in the tangential thrust thus obtained for arches with decks due
to the shear in the spandrel columns. Although this shear is large enough to make a large
moment in the columns, its effect upon the tangential thrust on the rib is relatively small.
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TABLE 16
RELATION BETWEEN RATIO OF FLEXURAL TO AXIAL UNIT STRESS AND RATIO OF
THEORETICAL STRESS TO STRESS OBTAINED FROM MEASURED STRAIN
Rib without deck
Ratio of Theoretrical to Measured Theoretical Stress Due to
Stress Arch No. 1000-lb. Load Ratio Flex.
Section __ to Axial
No. Stress
27-3 27-4 Average Top Bottom
(1) (2) (3) (4) (5) (6) (7)
N1........... 1.53 1.43 1.48 + 7.9 -32.2 1.64
N2........... 0.99 0.97 0.98 -14.5 -10.3 0.17
N3........... 1.38 1.47 1.43 -25.7 - 0.9 0.93
Center........ 1.06 0.94 1.00 -12.2 -15.4 0.12
S3............ 1.42 1.38 1.40 + 0.4 -27.0 1.03
S2............ 1.30 1.13 1.22 - 5.0 -19.0 0.58
S1............ 1.02 0.94 0.98 -11.0 -10.6 0.02
figures the light line represents the theoretical value, the heavy
full line the value computed from the measured reactions, and the
broken line the values obtained from the measured strain. The rela-
tion between the theoretical value of the stress and the value obtained
from the measured strain for the same arch ribs is given in Figs. 34
and 35. These diagrams indicate that the theoretical and measured
stress are in close agreement* at all sections where the flexural stress is
small, but that the theoretical stress exceeds the measured stress at
sections subjected to considerable flexure, the sections at which the so-
called measured stress is known to be less than the true stress. The re-
lation between the ratio of flexural to axial stress and the ratio of the
theoretical to the measured stress on the same section is given in
Table 16.
These values are for the largest load at which a complete set of
strain measurements was taken. The sections subjected to small
flexure are N2, center, and S1. The ratios of theoretical to measured
values for these sections, the average for the two arches, are 0.98,
1.00, and 0.98, respectively.
The theoretical values of the stress and the values obtained from
the measured strain agree closely at the sections where the stress
could be obtained from the strain most accurately, indicating that at
these sections the thrust acted in the line which elastic theory indi-
cates it should occupy. Inasmuch as the position of the thrust cannot
*Because of the manner in which the stress is obtained from the strain, an agreement
between the theoretical and the measured values of the stress indicates only that the line of
action of the thrust is in its theoretical position. But this fact is basic.
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be shifted suddenly without cause, it seems reasonable to suppose that
the thrust line is near to or in its theoretical position over the entire
length of the arch, and that, for these arches, the stress determined by
the elastic theory is very nearly equal to the true stress.
11. Unit Stress Due to Load-Rib with Deck.-The stress in the
rib of an arch with a deck can be obtained from the measured strain
by using an average-stress-mean-strain diagram in the manner de-
scribed in Section 10. The relation between load and unit stress for
arches 27-5, 27-6, 28-1, 28-2, 28-3, and 28-4 is shown in Figs. 36,
37, 38, 39, 40, and 41, respectively. In these diagrams the light
lines represent the theoretical values for a rib without deck and the
broken lines the stress as determined from the measured strain, in-
terpreting the strain by means of the average-stress-mean-strain
diagrams.
The relation between the theoretical stress and the stress obtained
from the measured strain is shown in Figs. 42 to 45, inclusive. These
diagrams indicate that the deck without expansion joints reduced the
moment in the rib at points where the moment was large. The reduc-
tion in the moment was less at N1, near the outside column, than it
was at N3 near the center of the span. The reduction in the moment
in the rib is attributed to the ability of spandrel columns to resist
some of the moment. The expansion joint over section 3 prevented
the deck from reducing the moment at that section of 28-2 and 28-4.
Celluloid models were made of arches 28-1, 28-2, 28-3, and 28-4
and the stresses in these models due to loads distributed in the same
manner as the loads on the concrete arches were determined by the
Beggs Deformeter Gage.* The stresses thus determined agree closely
with the stresses obtained from the measured strains in the concrete
arches.
The fact that the deck reduced the moment on an arch rib sug-
gests that an arch having a deck without expansion joints should be
stronger than a rib alone.
The fact that for an arch having a deck with expansion joints
the moment in the rib is not reduced by the deck in the panel con-
taining the expansion joint, indicates that a deck loses its strengthen-
ing effect if it contains an expansion joint in the panel containing
a section of impending failure. These questions are discussed further
in Section 12. The fact that the strengthening effect of a deck is
*This work was done under the supervision of George E. Beggs, Associate Professor of
Civil Engineering, Princeton University; member of the Committee on Concrete and Reinforced
Concrete Arches of the A.S.C.E.
TESTS OF REINFORCED CONCRETE ARCHES WITH DECKS
+ 4'
" ? $
-1UZ6
ENGINEERING EXPERIMENT STATION
Sls g ad 1 i// S 1a1//c 6/ 1?
TESTS OF REINFORCED CONCRETE ARCHES WITH DECKS
ENGINEERING EXPERIMENT STATION
u/ s sJg ,/.gu n
N
w
o
a•q
oT
O3
a
H
5
z
a
z
H
z
p:
C
H
C
TESTS OF REINFORCED CONCRETE ARCHES WITH DECKS 61
00
0
z
z
C
z1
z
C
0
*a/ u! s'a_',S -/un
ENGINEERING EXPERIMENT STATION
cju
m
z
a
a
!;r
2
z
EzI
, ,±
s9s-9f^S- .Ill)
TESTS OF REINFORCED CONCRETE ARCHES WITH DECKS
less near the end of the arch than at intermediate points suggests the
desirability of proportioning the rib so as to give it a large moment-
resisting capacity near the ends providing this can be done without
causing too great an increase in the temperature moment.
12. Influence of a Deck upon the Load-Carrying Capacity of an
Arch.-One of the objects of this investigation was to determine the
effect of the deck upon the load-carrying capacity of an arch. Speci-
mens 27-3 and 27-4 were ribs without decks, and specimens 27-5 and
27-6 and all of the arches of the 28- series were arches with decks.
The ribs of the arches with decks were the same as the ribs of 27-3
and 27-4, and the load distribution was the same for all specimens.
The ultimate loads carried by the arches are given in Table 17.
The averages of the strengths of the two ribs without deck, of
the four arches having decks without expansion joints, and of the
two arches having decks with expansion joints, are 123 676, 177 202,
and 138 644 lb., respectively. If these values are altered in accord-
ance with the variations in the strength of the concrete as determined
by the control cylinders, and a comparison is made on the basis of
3500-lb. concrete, these figures become 124 300, 164 000, and 130 000
Ib., respectively. That is, for these tests, the load required to break
the arches having decks without expansion joints was greater than
the load required to break the arches having decks with expansion
joints and greater than the load required to break the rib without
deck. It should be noted, however, that for these arches, the expansion
joints occurred in panels in which the rib was subject to a large
moment.
High unit stresses were produced in the rib without deck at sec-
tions N1, N3, and S3, since these are the sections subjected to a large
moment. The diagrams of Figs. 42 to 45, inclusive, indicate that the
addition of a deck without expansion joints reduced the moment at
all of these sections, but that the addition of a deck with expansion
joints over sections N3 and S3 did not decrease the moment at these
latter sections. That is, the diagrams of Figs. 42 to 45 indicate that,
for the rib and system of loading used in these tests, a deck without
expansion joints should increase the load-bearing capacity of the
structure, but that the addition of a deck with expansion joints in
the panels containing N3 and S3 could not be expected to increase
the load-bearing capacity, all consistent with the ultimate loads for
the various arches, given in Table 17.
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TABLE 17
INFLUENCE OF A DECK UPON STRENGTH OF REINFORCED CONCRETE ARCHES
Arch
No.
27-3...
27-4 ...
27-5...
27-6...
28-1...
28-2 ...
28-3...
28-4...
Ultimate
Strength
lb.
111 436
135 917
176 000
156 300
186 779
145 465*
189 731
131 823
Age
When
Tested
days
53
52
57
50
57
55
56
55
Strength
of Control
Cylinder
lb. per
sq. in.
3382
3580
4006
3351
3842
3985
3943
3485
Secant Modulus at
1000 lb. per sq. in. at
Section in 1000
lb. per sq. in.
N1 N3 S3
2540 1540 1600
3180 1670 2130
5500 4170 3420
3330 2740 2840
(2)
2920 3450 2780
(1)
2900 2860 2380
(1)
3850 5000 4390
3030 2880 1910
*Probably would have failed at 136 650 pounds if north expansion joint had been wider. See
Table 13, page 41.
(1) Average of N2 and center. Complete strain measurements were not taken at N3.
(2) At center. Complete strain measurements were not taken at N2 or N3.
Considering only the strength tests, the results indicate that a
deck without expansion joints increases the load-carrying capacity
of an arch, but that an expansion joint in a panel subjected to a
moment decreases the strengthening effect of the deck. This state-
ment appears to be true both on the basis that the concrete in the
ribs of all arches had the same strength and also on the basis that the
concrete in the ribs had the same strength as the concrete in the cor-
responding control cylinders. It should be noted, however, that the
modulus of elasticity of the concrete in the arches having decks with-
out expansion joints was somewhat higher than that for the other
specimens, and this fact might be taken to indicate that part of the
greater strength developed by the arches having decks without ex-
pansion joints was due to their having been made of stronger con-
crete.*
*Whether there is any very definite relation between the modulus of elasticity and the
strength of concrete is a question about which there is some difference of opinion. The author,
in Bulletin 202, page 79, suggests that the fact that the arch ribs broke at sections having
a small E rather than at sections having a large unit stress, might indicate that a small E
corresponds to weak concrete. Professor F. E. Richart and N. H. Roy in the Journal of the
American Concrete Institute, Vol. 1, No. 7, page 775, present results of tests which indicate
that although, in general, a high modulus indicates high strength, there are many exceptions
to this rule.
According to Table 6, page 35, the unit stress due to a given load has its greatest value
at S3, but the value at' N3 is only slightly smaller than at S3. From Table 17, the moduli
at N3 and S3 are nearly equal for arch 27-3 and the arch failed at N3; for arch 27-4, failure
occurred at S3 where the modulus was 2 130 000 lb. per sq. in. instead of at N3 where the
modulus was 1 670 000 lb. per sq. in. Arches 27-5 and 27-6 both failed at N1 where the
modulus was large instead of at N3 or S3, the sections of high stress for a rib without deck,
where the modulus was smaller than at N1. Arch 28-4 failed at N3 where the modulus was
2 880 000 lb. per sq. in. instead of at S3 where the modulus was 2 350 000 lb. per sq. in.
Kind of Deck
None
None
High Deck, Rect. Section,
No Exp. Joints
do.
High Deck, Tee Section,
No Exp. Joints
High Deck, Tee Section,
2 Exp. Joints
Low Deck, Tee Section,
No Exp. Joints
Low Deck, Tee Section,
2 Exp. Joints
Section
Where
Failure
Occurred
Just
above N3
S3
N1
N1
Between
N2 and
N3
S3
N1
N3
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The fact that the diagrams of Figs. 42 to 45, inclusive, show that
the decks without expansion joints greatly reduce the flexural stress
due to a unit load, is the most conclusive evidence that a deck of this
character increases the load-carrying capacity of an arch.*
The strengthening effect of a deck is due to the moment-resisting
capacity of the composite structure. This moment-resisting capacity
attains appreciable magnitude in spite of the small thrust in the deck
because the lever arm of this thrust about the gravity axis of a sec-
tion of the arch rib is so great. Discontinuity of the deck reduces the
thrust in the deck to zero, thereby destroying the strengthening effect
of the deck in those panels in which the discontinuity occurs. A con-
tinuous deck will not strengthen the structure appreciably at sections
where the rib is not subjected to moment.
The arches having decks without expansion joints acted as com-
posite structures, and bending moments and shearing stresses were
produced in the deck-slabs and in the columns that were not con-
sidered when the arches were designed. The initial failure of arches
28-1 and 28-3 was a failure of the deck, and it seems probable that
the load-carrying capacity of the structures could have been in-
creased if the deck had been designed for the stresses to which it was
subjected when acting as a part of a continuous structure. If con-
tinuity of the deck and rib is to be recognized as a strengthening fac-
tor, the floor and columns should be designed to resist the stress in
them when considered as members of the composite structure.
The expansion joints in the decks of arches 28-2 and 28-4 are
directly over sections of the rib subjected to a large moment. It is
reasonable to suppose that if the expansion joints were over a por-
tion of the rib subjected to but little moment, the presence of the
expansion joints would have produced but little reduction in the
strengthening effect of the deck.
*Tests were made on the reinforced concrete arch bridge over the Urnaesch near
Hundwil, Switzerland. The arch has a span of 344.4 feet and a rise of 118.0 feet. The
thickness varies from 4.26 feet at the crown to 8.20 feet at the springing. The bridge was
built during the years 1924-25. The rib was tested by applying a 30-ton load uniformly dis-
tributed across a transverse section at the crown, from the 2nd to the 23rd of November,
1924, before the superstructure had been built. The finished bridge was tested from the 3rd
to the 6th of September, 1928, by loading the arch and superstructure with four trucks having
a total weight of 46.4 tons.
The tests were made by M. Ros, Director of the Federal Materials Testing Institute,
Zurich, and the following paragraphs are taken from a translation of his report:
"The relieving effect of the superstructure of the Hundwil Arch for the extreme fiber
stresses amounts to roughly 30% at the crown, 40% in the quarter-points, and to 60% at the
springing; for the greatest vertical deflection it amounts to roughly 50% at the crown and
to 60% at the quarter-points, based on the corresponding calculated value for the arch alone
without superstructure.
"Since the measured and calculated stresses for the arch, with a 30-ton load at the
crown but without superstructure agree very well it is justifiable to compare the calculated
values for the arch without superstructure under a load consisting of four trucks with the
measured values for the arch with superstructure."
The translation from which this quotation was taken was furnished by Geo. E. Beggs,
Associate Professor of Civil Engineering, Princeton University, and Member of the Committee
on Concrete and Reinforced Concrete Arches of the American Society of Civil Engineers.
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FIG. 46. RELATION BETWEEN CHANGE IN SPAN AND HORIZONTAL THRUST
13. Abutment Reactions Due to Changes in Span.-Observations
were made to determine the relation between changes in span and in
the horizontal thrust on the abutment, for arches with a deck, the
object being to determine the effect of a deck upon the temperature
thrust. The method of testing was to subject an arch to a small load,
one-fourth to one-sixth of its ultimate capacity, and then decrease the
span, keeping the total load and the angular position of the abut-
ments as nearly constant as possible. Measurements were taken to
determine the change in thrust accompanying the change in span.
The load was kept nearly constant and the rotation of the abutments
was very small, but the actual changes in these quantities were meas-
ured. Corrections were made in the thrust for the changes in load, but
the correction to the thrust due to the rotation of the abutments was
so small that it was omitted.
The relation between the change in span and the horizontal thrust
is shown in Fig. 46. The full lines represent the theoretical thrust for
a rib without deck, and the broken lines the measured thrust for
arches with decks. The theoretical value depends upon the modulus
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TABLE 18
TEMPERATURE MOMENTS AS GIVEN BY TESTS OF CELLULOID MODELS OF
EXPERIMENTAL CONCRETE ARCHES
Arch
No.
27-3
Rib Without Deck
28-1
High Deck With-
out Exp. Joints
28-2
High Deck With
Two Exp. Joints
28-3
Low Deck Without
Exp. Joints.....
28-4
Low Deck With
Two Exp. Joints
28-2a
High Deck With
Single Exp. Joint
At Center......
28-4a
Same as 28-4 Ex-
cept No Deck
Outside of Exp.
Joints..........
Temperature Distance
Thrust Rela- From
tive to Same
Quantity for
Rib Without
Deck
1.00
2.48
1.32
2.26
1.62
1.50
1.21
Springing to
Temperature
Thrust Line
in.
39.7
27.7
40.9
30.3
40.5
41.2
36.7
Moment of Temp. Thrust
About Point in Arch Axis,
Relative to Same Quantity
for Rib Without Deck, at
Springing
1.00
1.73
1.36
1.76
1.68
1.53
1.14
Exp. Joint
1.00
1.10
1.31
1.20
1.57
of elasticity. In the computations E was assumed constant for each
arch, the value used being the average of the values obtained from
the measured strain at a stress of 500 lb. per. sq. in., as determined
from curves for each arch similar to the ones of Fig. 31. That is, the
E used for each arch was determined from measured strains at several
sections. The values of E used are given on the diagrams. The ratios
of the measured thrust to the theoretical thrust for a rib without
deck are 1.48, 1.00, 1.62, and 1.16 for arches 28-1, 28-2, 28-3, and
28-4, respectively. The ratios for the same quantities, as determined
from tests of celluloid models and as presented in Table 18 above, are
2.48, 1.32, 2.26, and 1.62, respectively.*
14. Unit Strain Due to Changes in Span.-The abutments of
arches 28-1, 28-2, 28-3, and 28-4 were moved horizontally without
rotation and without change in load, the strains being measured so as
to determine the relation between the unit strain at various sections
and the change in span. The results of these tests are given in Fig. 47.
The strain is the unit strain in the concrete due to a change in span
*Cracks in the concrete would reduce the thrust due to a change in span.
Temp. Moment
in Rib at Exp.
Joint Relative
to Temp. Mom.
at Crown of
Rib Without
Deck
1.00
0.94
1.13
1.20
1.36
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FIG. 47. UNIT STRAIN IN RIB DUE TO DECREASE IN SPAN OF 0.10 IN.
of 0.10 in. The dot-and-dash line represents the theoretical value for
a rib without deck, the solid line the measured value for arches having
decks without expansion joints, and the broken line the measured
value for the arches having decks with expansion joints.
For the arches with a high deck, the theoretical and the measured
values agree well at all sections for the arch with a deck with ex-
pansion joints. For the deck having no expansion joints, the measured
values are very much less than the theoretical over the central por-
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tion of the span, due to the deck acting with the rib to resist the
moment; but the measured values are more nearly equal to the theo-
retical at the ends of the arch due to the slight stiffness of the end
spandrel columns. The diagrams are similar for the two halves of the
arch, as they should be from the symmetry of the structure and
loading.
For the arches with a low deck without expansion joints, the
measured strain over the central portion of the arch was much less
on the top than on the bottom of the rib, due to the top of the rib
being near the gravity axis of the combined section of rib and deck.
The measured value of the strain at the bottom over the central por-
tion of the span is nearly as great as the theoretical value for the
rib alone in spite of the combined action of the rib and deck, due to
the low position of the thrust line, as shown in Table 18. For the
arch with a low deck with expansion joints the measured strains on
the two halves of the arch are so different that the data have little
value.
It is unfortunate that the strain was not measured at the springing
where the effect of the deck upon the strain due to abutment move-
ment is greater than at sections N1 and S1.
V. EXPANSION JOINTS IN ARCHES
15. Temperature Stresses in Arches.-Arches are usually analyzed
on the assumption that the abutments are fixed. As the temperature
of an arch rises the concrete expands. If the abutments are free to
move, the span of the arch will increase, but if the abutments are
fixed the increased length of the arch axis will cause the crown to
rise. This motion bends the rib, and all sections are subjected to
thrust, moment, and shear; and as each end of the rib is acted upon by
a horizontal thrust and a moment, the abutment reactions due to the
temperature change.
Although the reactions on the abutment are really due to an ex-
pansion of the material, the abutments remaining fixed, they may be
conceived as having been produced by moving one abutment horizon-
tally without rotation, the volume of the material in the rib remain-
ing constant.* If this conception is to be utilized the change in span
should be equal to the free expansion of a prism of the material
equal in length to the span of the arch.
*Rib shortening has been neglected in this discussion.
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Fro. 48. REACTION DUE TO A RISE IN TEMPERATURE
The reactions of the abutments due to a change in span consist
of a moment and a horizontal thrust applied at the springing of the
arch. These reactions, however, may be replaced by a horizontal
thrust alone equal to the original thrust, providing it is so located that
its moment about the springing equals the moment that constituted
a part of the abutment reaction. Figure 48a shows the abutment re-
actions due to a rise in temperature. They are equal to the reactions
that would be produced if the span of the arch were decreased, the
volume of the material and the angular position of the abutments
remaining unchanged. The system of forces shown in Fig. 48b is
equivalent to the system shown in Fig. 48a. The line x-x is known
as the temperature-thrust line. It is a horizontal line for all arches
symmetrical about a vertical center-line.
In the column analogy* method of analyzing arches, use is made
of a hypothetical column, known as the analogous column, having
a section whose axis coincides with the axis of the arch, and a width
of section at any point equal to 1- for the corresponding section of
the arch. If E for the material has the same value at all sections and
all stresses, the width of the analogous column at any section is pro-
I
portional to y for the corresponding section of the arch. It can be
proved that the temperature thrust line of an arch passes through the
center of gravity of the section of the analogous column. This propo-
*"The Column Analogy," Univ. of Ill. Eng. Exp. Sta. Bul. 215.
H A H
TESTS OF REINFORCED CONCRETE ARCHES WITH DECKS
sition is especially useful in picturing the influence of changes in the
section of an arch upon the position of the temperature thrust line.
The longitudinal stress in an arch due to a rise in temperature
consists of two parts;* (1) a direct compression due to the tangen-
tial thrust, and (2) a bending stress due to the eccentricity of the tem-
perature thrust relative to the section considered. For sections above
the temperature thrust line the bending stress is compression on the
bottom and tension on the top of the rib. For sections below the
thrust line the bending stress is compression on the top and tension
on the bottom of the rib. Generally the part of the stress due to
bending is much larger than the direct axial stress.
The magnitude of the bending stress at any section depends upon
two factors, (1) the magnitude of the thrust, and (2) the position
of the thrust line relative to the axis of the section considered. Any-
thing that affects either of these factors affects their product.
This review of the conception of temperature stresses has been
presented to prepare the reader for the discussion in the following
sections.
16. Methods of Testing Celluloid Models.--The temperature
stresses in an arch rib can be determined mathematically and the
process is not particularly complicated, but the mathematical analysis
of a structure consisting of a rib and deck is so complicated that it
is seldom attempted. Arches are usually analyzed on the assumption
that the modulus of elasticity has the same value at all sections and
at all stresses. If a model of an arch is made of a homogeneous elastic
material having a constant E, its deformation will be in accordance
with the elastic theory, and the elastic constants necessary to the
analysis of the structure may be determined by measuring the abut-
ment movements due to known forces. It has been found by testing
models of arches that can be analyzed mathematically that celluloid
models behave approximately in accordance with the elastic theory.
The tests of concrete arches to determine the effect of changes in
span (temperature changes) were checked by tests of celluloid models.
The objects of these tests were to determine the magnitude of the
temperature thrust and the position of its line of action. The mag-
nitude of the thrust on a rib with a deck was determined from the
relative stiffness of a model of a rib without a deck and of a model
of an arch with a deck, the thrust on the rib without a deck being
*There is a third part accompanying an actual change in temperature, due to a difference
in the thermal coefficients of steel and concrete. This part does not enter if the stress is
produced by a change in span. See Univ. of Ill. Eng. Exp. Sta. Bul. 174, page 43.
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FIG. 49. APPARATUS FOR TESTING CELLULOID MODELS
determined by the elastic theory. The position of the thrust line was
determined by direct measurement for all structures. The method
of making the tests is described in the following paragraphs.
The model of the arch was fixed at one end and provided with a
vertical extension or bracket at the other end, which was free. The
temperature thrust line was located by applying a horizontal force
at various points along the bracket until a point of application was
finally located such that the horizontal force produced no vertical
movement of the free abutment. This point of application is one point
on the horizontal temperature thrust-line.
The apparatus used in the tests of celluloid models is shown in
Fig. 49. The model was mounted on a drawing board lying in a hori-
zontal position. The end A was left free and the end B was clamped
rigidly to the drawing board. The weight W attached to the end of
the horizontal arm of the bell-crank C acting through the string,
exerts a horizontal force upon the bracket attached to the abutment.
The bell-crank could be moved along the shaft on which it was
mounted to any desired position. A scale was attached to the bracket
so that the vertical distance from the springing to the point of appli-
cation of the force could be read directly. In order to make sure that
the force was applied horizontally, horizontal lines were ruled on the
drawing board under the cord through which the force was applied.
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The bell-crank was moved as the point of application of the cord
to the bracket was changed, thus keeping the cord parallel to the
lines on the drawing board at all times. The position of the horizontal
force was then adjusted until it caused the abutment to move hori-
zontally but not vertically. This adjustment required some patience
but the location of the thrust-line could be determined quite definitely,
a slight change in the point of application of the force being sufficient
to cause a vertical deflection of the abutment that was easily detected.
The horizontal deflection of the free abutment was measured with
a graduated micrometer-microscope. The procedure was as follows:
Preliminary tests were made to determine the location of the tem-
perature thrust-line. The force was then removed from the bracket,
and a microscope reading was taken on a target attached to the free
abutment at the springing. The force was then applied to the bracket
along the known temperature thrust-line, and the microscope was
again read after being set on the target in the new position of the
abutment. The difference between the two readings gave the hori-
zontal deflection due to the known force.
The models were so proportioned that the relative stiffness of the
various parts was the same as for the arch being studied. That is,
the length and moment of inertia of each member of the model were
proportional to the length and moment of inertia of the corresponding
member of the arch.
Care was exercised to reduce the number and the magnitude of
inaccuracies to a minimum. However, the method is essentially ex-
perimental and some errors must inevitably enter. As stated in the
I
previous paragraph, the ratio L for each member of the model was
I
made equal to I for the corresponding member of the arch. It is not
feasible to do this unless the arch is made of a single homogeneous
material, and unless all members have the same thickness normal to
I
the paper. What was done was to make the L for each member pro-
I
portional to the L of the corresponding member of the arch when L
was taken as the length of the member measured to the centerlines of
the members that it connected. With this method, the -'s were notL
proportional if L was taken as the clear length. Some error was in-
troduced because of this discrepancy.
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The celluloid model was supported on steel balls that rested upon
a sheet of glass on the drawing board. It is believed that the fric-
tional resistance was negligible.
The modulus of elasticity of celluloid varies with the temperature.
For this reason the temperature of the room in which the tests were
made was kept constant during a series of interrelated tests. A ther-
mometer was placed on the glass near the model and observations
on this thermometer demonstrated that it was possible to keep the
temperature constant within a range of 1.0 deg. F.
To prevent variations in the material affecting the results of re-
lated tests, the models were made so that the same rib was used for
all tests of a series. For example, in the series to determine the in-
fluence of various kinds of decks, the model as first made was an
arch having a deck without expansion joints. When tests on this
model had been completed, expansion joints were cut in the deck at
the specified sections and a new set of tests was made. The deck
was then spliced at these joints and new joints were made at other
sections. The spandrel columns were then cut off flush with the top
of the rib and the basic test of a rib without deck was made. In this
way the influence of variations in the material was eliminated, since
the same rib was used for all tests that were to be compared.
Three series of tests were made on celluloid models. The objects of
these series were (1) to compare the results of tests of concrete arches
with the results of tests of celluloid models; (2) to determine the
effect of expansion joints upon the temperature stress in arches having
various ratios of rise to span and with decks at different heights above
the rib; and (3) to determine the movement at expansion joints
located at different points along the deck for arches of various geo-
metrical proportions. The results of these tests are presented in the
following paragraphs.
17. Temperature Moments in the Experimental Concrete Arches as
Determined by Tests of Celluloid Models.-The celluloid models that
were tested in this series included a model of the arch rib without
deck, arch 27-3, and models of the arches with decks, 28-1, 28-2, 28-3,
and 28-4; they also included a model of Span 2 of the Gilbert Street
Bridge at Danville, Illinois.* The information obtained from these
tests includes (1) the position of the temperature thrust line; (2) the
magnitude of the thrust relative to the thrust in a rib without deck;
(3) the temperature moment at the springing, the crown, and at a sec-
*See Univ. of Ill. Eng. Exp. Sta. Bul. 174.
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TABLE 19
TEMPERATURE MOMENTS AS GIVEN BY TESTS OF CELLULOID MODELS,
SPAN 2, GILBERT STREET BRIDGE, DANVILLE, ILLINOIS
Moment of Temp. Thrust Temp.
Temp. Distance About Point in Arch Moment in
No. Thrust From Axis, Relative to Same Rib at
and Description Relative to Springing Quantity for Rib Exp. Joint,
Date of Same to Temp. Without Deck, at Relative to
of Structure Quantity Thrust Temp.
Test for Rib Line, Moment at
Without Inches End of Crown of
Deck Springing Saddle Rib Without
Deck
(1) Rib Without Deck... 1.00 323 1.00 1.00 .
3-7-29 Deck Without Exp.
Joints............ 2.62 199 1.61....
Rib and Saddle (No
Deck)............ 1.50 284 1.32 2.32 1.65
Bridge as Built. Exp.
Joint at each End
of Saddle......... 1.58 287 1.40 2.38 1.69
(2) Rib Without Deck... 1.00 323 1.00 1.00
3-22-29 Deck Without Exp.
Joints............ 2.54 201 1.58 ...
Rib and Saddle (No
Deck)............ 1.43 276 1.22 2.37 1.68
Bridge as Built. Exp.
Joint at Each End
of Saddle......... 1.52 287 1.35 2.30 1.63
(3) Rib Without Deck... 1.00 327 1.00 1.00 ....
2-21-30 Deck Without Exp.
Joints............ 2.61 204 1.63
Rib and Saddle (No
Deck)............ 1.53 286 1.34 2.46 1.72
Bridge as Built Exp.
Joint at Each End
of Saddle......... 1.60 291 1.42 2.46 1.72
tion of the rib in the panel containing the expansion joints, all rela-
tive to the same functions at the corresponding sections of a rib with-
out deck. The results of the tests on models of the experimental
arches are given in Table 18, and of models of the Gilbert Street
Bridge in Table 19. The results are discussed in Section 19, page 81.
18. Temperature Moments in Arches Having Various Geometrical
Properties.-Tests were made upon models of arches having a span
of 17 ft. 6 in. and having a rise of 2 ft. 0 in., 3 ft. 0 in., 4 ft. Y16 in.,
6 ft. 0 in., and 8 ft. 0 in. These arches all had the same span and
the same depth of rib at the crown and springing as arches 27-3 and
27-4. One series of these arches had a deck that was integral with the
rib at the crown, as 28-3 and 28-4, another series had the deck 2 ft.
0 in. above the crown, as 28-1 and 28-2. The models shown in Fig.
50 were made to a scale of one inch to one foot. Tests were made
upon models with a deck without expansion joints, with a deck with
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FIG. 50. CELLULOID MODELS FOR DETERMINING TEMPERATURE THRUST IN
ARCHES HAVING VARIOUS GEOMETRICAL PROPERTIES
an expansion joint at the center, with a deck with two expansion
joints (one near each one-third point), and upon a model of the rib
without a deck. The object of the tests was to determine (1) the
position of the temperature thrust line; (2) the magnitude of the
thrust relative to the thrust in a rib without deck; and (3) the tem-
perature moment at the springing, the crown, and at a section of the
rib in the panel containing an expansion joint, all relative to the
moment at the corresponding sections of a rib without deck. The
results of the tests are given in Tables 20 and 21 and are dis-
cussed in Section 19, page 81.
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TABLE 20
TEMPERATURE MOMENTS AS GIVEN BY TESTS OF CELLULOID MODELS,
ARCHES HAVING DECK TWO FEET ABOVE RIB AT CROWN
Moment of Temp. Thrust Temp. Moment
Temperature Distance From About Point in Arch Axis, in Rib at Exp.
Thrust Rela- Springing to Relative to Same Quantity Joint, Rela-Arch tive to Same Temperature for Rib Without Deck, at tive to Temp.No.* Quantity for Thrust Line, Moment at
Rib Without Inches Crown of Rib
Deck Springing Exp. Joint Without Deck
H2R 1.00 19.9 1.00 1.00 ....
H2F 2.08 13.5 1.41
H21 1.43 21.2 1.52 0.98 0.98H22 1.36 20.6 1.41 1.10 0.96
H3R 1.00 29.6 1.00 1.00 ....H3F 2.36 20.6 1.64
H31 1.50 31.4 1.59 1.07 1.07H32 1.65 31.1 1.73 1.19 1.00
H4R 1.00 39.7 1.00 1.00
H4F 2.48 27.7 1.73
H41 1.47 41.2 1.53 1.20 1.20H42 1.32 40.9 1.36 1.10 0.94
H6R 1.00 59.2 1.00 1.00 ....H6F 2.52 40.5 1.72
H61 1.28 59.6 1.29 1.24 1.24H62 1.41 62.0 1.48 1.06 0.94
H8R 1.00 78.0 1.00 1.00 ....H8F 2.68 53.0 1.82
H81 1.31 77.3 1.30 1.36 1.36
H82 1.33 80.3 1.37 1.14 1.05
*Middle symbol of arch number indicates rise of rib in feet; last symbol indicates type of deck, asfollows: R = rib without deck, F = deck without expansion joint, 1 = one expansion joint at crown,
and 2 = two expansion joints near one-third points.
A series of tests was made to determine the effect of the length
of a saddle upon the temperature momdnt. The models used in this
series are shown in Fig. 51. One piece of celluloid was used for all
models; the model having the longest saddle was first made and tested,
then a portion of the saddle was cut away to make the model having
the next longest saddle, etc. By using this method, variations in the
geometrical properties of the rib and in the physical properties of.the
material were eliminated. The rib for these models had the same
geometrical properties as the rib of the experimental arches but the
columns were more slender for the former than for the latter. The
results of the tests are given in Table 22, and are discussed in Sec-
tion 19.
19. Factors Affecting Influence of Expansion Joints upon Tem-
perature Stresses in an Arch Having a Deck.-Observations made
on the Gilbert Street Bridge at Danville, Illinois,* indicated that
*Univ. of Ill. Eng. Exp. Sta. Bul. 174.
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TABLE 21
TEMPERATURE MOMENTS AS GIVEN BY TESTS OF CELLULOID MODELS,
ARCHES HAVING DECK INTEGRAL WITH RIB AT CROWN
Moment of Temp. Thrust Temp. Moment
Temperature Distance From About Point in Arch Axis, in Rib at Exp.
Thrust Rela- Springing to Relative to Same Quantity Joint, Rela-
Arch tive to Same Temperature for Rib Without Deck, at tive to Temp.
No.* Quantity for Thrust Line, Moment at
Rib Without Inches Crown of Rib
Deck Springing Exp. Joint Without Deck
L2R 1.00 19.9 1.00 1.00 ...
L2F 1.84 17.6 1.63
L22 1.59 20.8 1.66 1.19 1.05
L2S 1.10 18.7 1.03 1.47 1.29
L3R 1.00 29.3 1.00 1.00 ...
L3F 2.18 24.0 1.79
L32 1.70 30.7 1.78 1.28 1.09
"L3S 1.20 28.0 1.15 1.47 1.25
L4R 1.00 39.0 1.00 1.00 ...
L4F 2.26 30.3 1.76
L42 1.62 40.5 1.68 1.31 1.13
L4S 1.21 36.7 1.14 1.57 1.36
L6R 1.00 60.0 1.00 1.00 ...
L6F 2.30 44.3 1.70
L62 1.41 61.1 1.44 1.26 1.10
L6S 1.13 57.0 1.07 1.45 1.27
L8R 1.00 79.2 1.00 1.00 ...
L8F 2.18 57.0 1.57 ....
L82 1.37 81.0 1.40 1.21 1.10
L8S 1.15 77.3 1.12 1.29 1.18
*Middle symbol of arch number indicates rise of rib in feet; last symbol indicates type of deck, as
follows: R = rib without deck, F = deck without expansion joints, 2 = two expansion joints near one-
third points, S = saddle but no other deck.
the measured value of the temperature stress in the rib at a section
just below an expansion joint in the deck at the end of the saddle was
much greater than the theoretical value of the temperature stress at
the same section for a rib without a deck. This was attributed to
the fact that, on each side of the expansion joint, the deck and rib
function as a continuous structure having a high degree of rigidity,
whereas in the panel containing the expansion joint the rib, acting
alone, had a much lower degree of rigidity. This change in rigidity
of the structure was considered to have been responsible for the con-
centration of the temperature stresses in the rib in the panel contain-
ing the expansion joint. Although the discontinuity of the deck at
the expansion joint seems to have produced high temperature stresses
in Span 2 of the Gilbert Street Bridge, the effect of the discontinuity
of the deck might, in general, depend upon the geometrical properties
of the structure. One object of the present investigation was to de-
termine the influence of the geometrical properties of an arch with
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FIG. 51. CELLULOID MODELS FOR DETERMINING EFFECT OF LENGTH
OF A SADDLE UPON TEMPERATURE MOMENTS
a deck upon the temperature stresses in the rib, especially in panels
containing expansion joints in the deck.
Tests of arch 28-2, presented in Section 14 and in Fig. 47, indicated
that, for the experimental arch having a high deck with two expansion
joints, the measured temperature strain in the rib in the panel con-
taining an expansion joint was nearly equal to the theoretical strain
at the same section for a rib without a deck. Tests of the two ends
of arch 28-4, the arch with a low deck, are contradictory. The strain
in the rib under the south expansion joint is much greater at both
top and bottom of the rib than the theoretical value at the same sec-
tion, but the strain in the rib under the north expansion joint only
slightly exceeds the theoretical value for the bottom of the rib, and
is actually less than the theoretical value for the top.
Tests of celluloid models of the experimental arches, presented in
Section 17 and Table 18, give a value for the temperature moment in
the rib below the expansion joint of 1.10 for arch 28-2, the arch with
a high deck, and 1.31 for arch 28-4, the arch with a low deck, the
moment in each case being expressed in terms of the theoretical
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TABLE 22
EFFECT OF SADDLE UPON TEMPERATURE MOMENTS
Description
of
Structure
1. Saddle Three Panels
Long. No Exp. Jts.
2. Saddle Cut Away at
a. Exp. Jt. atE...
3. Saddle Cut Away at
a and b. Exp. Jt.
at E ............
4. Saddle Cut Away at
a, b, and c. Exp.
Jt. at E..........
5. Saddle Cut Away at
a, b, and c. Deck
Cut Away Outside
of Exp. Joints....
6. Rib Without Saddle
or Deck.........
7. Saddle Three Panels
Long.........
8. Saddle Cut Away at a
9. Saddle Cut Away at a
and b...........
10. Saddle Cut Away at
a, b, and c.......
11. Rib Without Saddle
or n elk
Temp.
Thrust
Relative to
Same
Quantity
for Rib
Without
Deck
2.43
1.80
1.57
1.45
1.16
1.00
1.80
1.48
1.30
1.15
1 on
Distance
From
Springing
to Temp.
Thrust
Line,
Inches
29.6
36.4
38.2
40.0
38.0
39.8
32.6
35.2
36.4
38.2
40.0
Moment of Temp. Thrust
About Point in Arch
Axis, Relative to Same
Quantity for Rib
Without Deck, at
Springing
1.81
1.64
1.51
1.46
1.11
1.00
1.47
1.30
1.18
1.10
1.00
End of
Saddle
20.10
3.33
1.96
1.41
1.44
1.00
12.91
3.35
2.05
1.43
1.00
moment at the same section in a rib without a deck.* The tests of
the experimental concrete arches and of the celluloid models of the
same are in fair agreement except for the strain at the top of the rib
under the north expansion joint of arch 28-4. Tests of the concrete
arches and of the models indicate that, for structures having the pro-
portions of the experimental arches, expansion joints in the deck near
the one-third points do not seriously affect the temperature moment
in the rib panels containing the expansion joints.
After finding that the temperature stresses in the experimental
concrete arches having expansion joints were not excessive, models
were made of Span 2 of the Gilbert Street Bridge at Danville which,
according to field observations,t had high temperature stresses in the
rib at the end of the saddle and under the expansion joint. The re-
*The temperature stress in a rib without a deck is greater at the crown than in the
panel under the expansion joint near the one-third point. The last column of Table 18
gives the ratio of the temperature moment in the rib under the expansion joint to the tem-
perature moment at the crown of a rib without a deck.
tSee Univ. of Ill. Eng. Exp. Sta. Bul. 174.
0
a)
.0-4O"
Temp.
Moment in
Rib at End
of Saddle,
Relative to
Temp.
Moment at
Crown of
Rib Without
Deck
1.62
1.53
1.29
1.32
1.00
1.93
1.59
1.59
1.31
1.00or ......... Dek
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suits of these tests are given in Table 19. The first model of this arch
was tested March 7, 1929 . Because the results were so different from
the results obtained from tests of the experimental arches, a second
model was made and tested March 22, 1929, and to eliminate all
possibility of error, a third model was made and tested February 21,
1930. The results of all the tests are included in Table 19. For the
temperature moment in the rib under the expansion joint, the ratios
of the values obtained from celluloid models to the theoretical value
at the same section for a rib without a deck, are 2.38, 2.30, and 2.40
for the three tests. The ratios of the measured moments at the end
of the saddle to the theoretical moment at the crown were 1.69, 1.63,
and 1.72 for the three tests.
The results obtained from tests of models of the Gilbert Street
Bridge were so different from those obtained from tests of models of
the experimental arches that an investigation was made to determine
what geometrical properties influence the effect of expansion joints
upon temperature stresses. Three series of models were used in this
investigation, and the results are presented in Tables 20, 21, and 22.
The models used in the tests reported in Table 20 were models
of arches similar to 28-1 and 28-2, Figs. 3 and 4, except that the
rise of the arch was made a variable, having values of 2, 3, 4, 6, and
8 feet. The arch numbers, which describe the arches, are explained
in the footnote to Table 20. This investigation showed that, for these
arches having a deck two feet above the crown of the rib, the ratio of
the moment in the rib under expansion joints near the one-third point
to the theoretical moment at the same section for a rib without a deck,
was not materially affected by the rise of the arch and was not much
greater than unity, the maximum value given being 1.19 for H32.
The maximum value of the ratio of the moment in the rib under the
expansion joint to the theoretical moment at the crown for a rib
without a deck was 1.05.
The models used in the tests reported in Table 21 were models
of arches similar to 28-3 and 28-4, Figs. 5 and 6, except that the rise
of the arch was made a variable, having values of 2, 3, 4, 6, and 8
feet. This investigation showed that, for these arches having a deck
integral with the crown, the ratio of the moment in the rib under
expansion joints near the one-third point to the theoretical moment
at the same section for a rib without a deck varied from 1.19 to 1.31
and did not seem to bear any simple relation to the rise of the arch.
The ratio of the moment in the rib under the expansion joint to the
theoretical moment at the crown for a rib without a deck varied from
1.05 to 1.13.
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The models used in the tests reported in Table 22 were models
of arches having the same rib as the 28- series. The arches had low
decks, but differed from 28-3 and 28-4 in that the columns were more
slender and the saddles longer. The arches are shown in Fig. 51. These
models were divided into two series. For the first series, models 1 to 6
inclusive, the original model, 1, had a deck without expansion joints
and a saddle three panels long. After it had been tested, model 2 was
made by cutting expansion joints at E and cutting away the portion
a of the saddle. Models 3, 4, 5, and 6 were made from 2 by cutting
away various portions in succession, as indicated in Fig. 51 and Table
22. For the second series, models 7 to 11 inclusive, the original model,
7, was a rib without a deck except that it had a saddle three panels
long at the crown. Models 8, 9, 10, and 11 were made from 7 by
cutting away in succession parts as indicated.
Consider the ratio of the moment in the rib under the expansion
joint to the theoretical moment at the same section for a rib without
a deck. Models 2, 3, and 4 are the same as 8, 9, and 10 except that
the former have a deck outside of the saddle and the latter, do not.
The moment ratios for the former were 3.33, 1.96, and 1.41 and for
the latter, 3.35, 2.05, and 1.43. This comparison brings out the fact
that the deck outside of the saddle has practically no influence upon
the moment in the rib under an expansion joint at the end of the
saddle. The deck, however, influences the moment at the springing.
The axis of the arch at a section at the end of the saddle is so near
the theoretical thrust-line for a rib without a deck that the theoretical
moment varies, relatively, through a large range due to the variation
in the distance from the thrust-line to the axis of the section about
which the moment is taken. This accounts for the wide variation
in the ratio of the moment in the rib under the expansion joint to the
theoretical moment at the same section of a rib without a deck. A
more satisfactory basis for a comparison is the ratio of the moment
in the rib under the expansion joint to the theoretical moment at the
crown of a rib without a deck. This ratio is given in the last column
of Table 22.
The ratio in the last column of Table 22 varies from 1.93 for a
saddle three panels long* to 1.31 for the shortest saddle.
The influence of the saddle upon the location of the temperature
thrust line can be visualized by means of the column analogy.t As
*No test was made upon an arch having a saddle three panels long and with a deck
outside of the saddle, but the tests show that the deck outside of the saddle has little in-
fluence, so that the values for model 7 are applicable to an arch having a saddle three spans
long with a deck outside of the saddle and expansion joints at the ends of the saddle.
tSee Univ. of Ill. Ehg. Exp. Sta. Bul. 215.
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FIG. 52. SECTION OF ANALOGOUS COLUMN
previously stated, the temperature thrust-line passes through the
center of gravity of the analogous column. The width of the section
of the analogous column for an arch increases as the width of the cor-
responding section of the arch decreases. Where the arch widens the
analogous column becomes narrower. A deep saddle makes the analo-
gous column very narrow over the middle portion and its center of
gravity quite low, thereby increasing the temperature thrust and in-
creasing its moment arm about the axis of the rib near the crown.
Increasing the length of the saddle increases the length of the narrow
portion of the analogous column near the crown. Figure 52 shows the
section of the analogous column of a plain rib and of a rib with a
Seh'on oe • $ of Gravioy i
Sec&Xo of Anaog/ovs Cokll,717, Rib So /,7 '1
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saddle, the temperature thrust-line passing through the center of
gravity of the analogous column in each case.
20. Movement at Expansion Joints.-Two factors should be con-
sidered in determining whether expansion joints are to be used at
or near the center of an arch span: (1) the harmful effects of the
joint, and (2) the need for the joint. The effect of a joint in the deck
upon temperature moments in the rib is discussed in Sections 17,
18, and 19. In addition to the effect of a joint upon the temperature
stresses, the joint is expensive to construct and maintain and, in the
case of a highway bridge, it may constitute a rough spot in the wear-
ing surface of the bridge floor.
Expansion joints in the deck of an arch bridge are usually pro-
vided over the piers or abutments. If no other expansion joints are
provided, those at the piers function much as the expansion joints in
a concrete pavement. That is, they permit motion that otherwise
could only take place by virtue of direct axial deformation of the
deck. The function of expansion joints intermediate between the
piers is different. If expansion joints are provided over the piers only,
the deck can expand without being subjected to a very large axial
stress, but the expansion of the deck may subject the spandrel col-
umns to a shear due to their being attached to the deck at one end
and to the rib at the other. The need for an expansion joint in a
deck depends upon the movement that would take place if the joint
were provided and upon the flexibility of the spandrel columns.
As previously stated, the need for an expansion joint is determined,
at least in part, by the movement that would take place at the joint
if it were provided, due either to a temperature change or to a change
in span of the arch resulting from a horizontal displacement of one
or both piers.
Observations were made on celluloid models of arches to determine
the magnitude of the movement at the expansion joints in the deck.
Two methods of making the tests were used. In one method the ob-
servations were made at constant temperature, and the span was
changed by moving the abutments a measured amount horizontally
without rotation, and noting the movement at the expansion joints.
In the other method the abutments were fixed and the width of the
expansion joints was measured at two temperatures differing by about
25 deg. F.
In the tests to determine the movement at the expansion joints
due to a known change in span, the right-hand abutment was rigidly
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clamped to a drawing board and the left abutment was attached to
the drawing board by means of a device that permitted a horizontal
motion to be produced as desired, but prevented vertical movement
and rotation. A strip of celluloid clamped to the right abutment ex-
tended to the left one. Targets at the left end of this strip and on
the left abutment were used to note the change in span. Similarly,
targets in the deck on the two sides of an expansion joint were used
in measuring the change in width of the expansion joint. Movements
at the expansion joints and at the abutment were measured with a
micrometer microscope. The procedure of the test was as follows:
The model was clamped to the drawing board in an unstrained con-
dition and readings on all targets, at expansion joints and the abut-
ment, were recorded. The span was then increased about 0.1 of 1
per cent and the target readings were again recorded. The span was
then reduced to its original value and a new set of readings was taken.
The process was then repeated. That is, the span was increased, de-
creased, increased, and again decreased. Table 23 is a log of a typical
test. The movement at the joints is expressed in terms of the change
in span of the arch.
In the tests to determine the movement at the expansion joints
due to a known change in temperature, both abutments were clamped
rigidly to a steel rod and the change in width of the expansion joints
was measured with a micrometer microscope after the model had
remained several hours in a room maintained at a temperature of
about 80 deg. F. and again after the model had remained several
hours in a room maintained at about 55 deg. F.* A strip of celluloid
cut from the same sheet as the arches was clamped at one end to the
bar to which the arch was fastened. The other end of the strip was
free to expand, and its movement when taken from the warm to the
cold room was used as a basis for determining what the change in
span of the arch would have been if it had been free to expand. The
movement at the joints is expressed in terms of the ratio of this
movement to the change in span that would have occurred if the ends
had been free to move, this latter being designated in this report as
the change in span.
Tests were made on all of the models shown in Figs. 50a and 50b,
and also upon a similar model of Span 2, Gilbert Street Bridge, Dan-
ville, Illinois. The results of these tests are given in Table 24. The
arch numbers, given in the first column, are descriptive of the arches.
*A refrigerated room belonging to the Mechanical Engineering Department of the Univer-
sity and constituting a part of the equipment for testing the heating of residences was used
for this work.
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TABLE 23
LOG OF TYPICAL TEST-MOVEMENT AT EXPANSION JOINTS, ARCH H22
Reading Change West Exp. East Exp. Temperature
No. In Span Joint Joint deg. F.
1 7485 6465 6366
2 4127 2741 2846
Diff. 3358 3724 3520
1 7482 6467 6372
2 4143 2740 2849
Diff. 3339 3727 3523 87.0
Av. Diff. 3349 3726 3522
1 8653 6622 6651
2 4153 3555 3550
Diff. 4500 3067 3101
1 8654 6616 6647
2 4162 3563 3545 87.2
Diff. 4492 3053 3102
Av. Diff. 4496 3060 3102
A +1147 -666 -420
1 7447 7283 6278
2 4160 3556 2692
Diff. 3287 3727 3586
1 7444 7285 6274
2 4156 3556 2696 87.2
Diff. 3288 3729 3578
Av. Diff. 3288 3728 3582
A -1208 +668 +480
1 8685 6540 6500
2 4168 3464 3423
Diff. 4517 3076 3077
1 8688 6538 6500
2 4171 3464 3421 87.2
Diff. 4517 3074 3079
Av. Diff. 4517 3075 3078
A +1229 -653 -504
1 7438 7038 6957
2 4173 3302 3370
Diff. 3265 3736 3587
1 7442 7044 6964
2 4182 3303 3371
Diff. 3260 3741 3593 87.2
Av. Diff. 3263 3739 3590
A -1254 +664 +512
Ratio A of Expansion
Joint to A of Span
666 + 420 473
2 X 1147
668 + 480 = 0.475
2X1208
653 + 50= 0471
2 X1229
664 + 512 469
2 X1254 "
Av. = 0.472
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TABLE 24
MOVEMENT AT EXPANSION JOINTS
From Celluloid Models. Span for All Models 17.5 in.
Arch
No.
L22.........................
H 21 ........................
H 22 ........................
L 32.........................
H 31 ........................
H 32 ........................
IA2 ........................
H 41 ........................
H 42 ........................
L62 .......................
H 61 ........................
H62..... ..................
L82 ........................
H81........................
H 82........................
Span 2*......................
Ratio Movement at Expansion
Joint to Change in Span
From Change From Change
in Span in Temp.
0.132 0.109
0.895 0.980
0.472 0.450
0.141 0.130
0.710 0.690
0.378 0.370
0.122 0.089
0.575 0.580
0.327 0.280
0.100 0.090
0.435 0.440
0.257 0.400
0.087 0.084
0.317 0.480
0.207 0.180
0.155 0.141
Ratio From Change in Temp.
From Change in Span
0.83
1.10
0.95
0.92
0.97
0.98
0.73
1.01
0.86
0.90
1.01
1.56
0.97
1.51
0.87
0.91
*Gilbert Street Bridge, Danville, Ill. See Univ. of Ill. Eng. Exp. Sta. Bul. 174.
The letter L indicates a low deck and H a high deck; the number in
the middle indicates the rise of the rib; and the last number indicates
the number of expansion joints. The details are given in Fig. 50.
The ratio of the movement at the expansion joint to the change in
span, as determined from a change in span is given in Column 2, and
as given by a change in temperature in Column 3; the ratio of
the two values is given in the last column. The agreement between
the two sets of values is fair. The method in which the span is
changed is less subject to accidental errors than the method in which
the temperature is changed, since, in the former, the model is not
touched during the entire test, whereas, in the latter it is transported
from one room to another between the readings at high and low
temperatures. The movement determined from a change in temperature
is less than that determined from a change in span for most models.
A part of this difference is due to the fact that the targets at the
expansion joints were a little lower in the tests in which the tempera-
ture was changed than in those in which the span was changed. This
discrepancy would amount to 2 or 3 per cent.
The relation between the movement at the expansion joint and the
rise of the arch is shown in Fig. 53. This diagram shows that the
movement at the expansion joint is not influenced very much by the
rise of the arch for arches with low decks, but that for arches with
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FIG. 53. RELATION BETWEEN MOVEMENT AT EXPANSION JOINT AND RISE OF RIB
high decks the movement at the expansion joints is very much less for
arches with a large rise than it is for those with a small rise. Where
there is one expansion joint at the center of the span the movement
is a little less than the sum of the movements at the two expansion
joints near the third point.
The diagrams of Fig. 53 show that for flat arches with a deck a
considerable distance above the rib at the crown, the movement at
the expansion joint is large. This is an unnecessary combination that
should be avoided. For arches with a low deck the movement at the
expansion joints is small in all cases.
The last line of Table 24 shows the movement at the expansion
joints of Span 2 of the Gilbert Street Bridge at Danville, Illinois, as
determined by tests of a celluloid model. These tests show that the
movement at the joints is about 0.15 times as great as the change
in span. Using a thermal coefficient for concrete of 0.000005, a 50-
degree change in temperature would produce a movement of the ex-
pansion joints in the bridge of 0.06 in. Observations on the bridge*
over a period of 20 months showed practically no movement at the
expansion joints that could be attributed to a change in temperature.
*Bulletin 174, p. 28, expansion joints 7 and 8.
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Reference to Table 23 shows that the expansion joints closed when
the span increased. Increasing the span of an arch at constant tem-
perature is equivalent to a drop in temperature, the span remaining
constant. For a deck unattached to an arch, a drop in temperature
would open the expansion joints. That is, the movement at the ex-
pansion joints for a deck attached to an arch rib is opposite in sense
to the corresponding movement for a deck unattached to a rib. This
is true for all models tested. For an arch with fixed abutments acted
on by a change in temperature, the sense of the motion at the ex-
pansion joints has been explained by the rotation of the points on the
arch rib at the base of the spandrel columns.* For a constant tem-
perature and a change in span, the sense of the movement at the ex-
pansion joint can be determined by inspection, bearing in mind that
the relative movement between the middle and one end portion, in
the case of a deck with two expansion joints, is a rotation, and the
instantaneous center is in the neighborhood of the intersection of a
vertical plane through the expansion joint and the axis of the rib.
This being true, an increase in span, corresponding to a drop in tem-
perature, will cause the two ends of the deck to approach each other,
closing the expansion joint.
21. Factors Determining Use of Expansion Joints. -Expansion
joints are, under certain conditions, a necessary evil. They should
be avoided if possible, but should be provided if needed.
The studies presented in Sections 17, 18, and 19 show that if the
deck is low and is made integral with the rib for a considerable portion
of the span near the center,.resulting in what has been designated as
a saddle, expansion joints at the end of the saddle produce high tem-
perature stresses in the rib. The same studies show that if the deck
is made to act integrally with the rib, the temperature moments at the
springing are greater than the values for a rib without a deck obtained
by the elastic theory. The studies presented in Section 20 show that if
the deck is low, near to, or integral with the rib at the crown, inter-
mediate expansion joints are not needed, since the movement that
would take place if they were provided would be small. These
statements would apparently justify the following practice:
If the vertical clearance for an arch bridge is small, make the
deck so low as to be integral with the rib for a portion of the span near
the center, thereby giving the rib as large a rise as possible. Do not
*Bulletin 174, p. 58.
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use expansion joints except over the piers. Provide for the increased
temperature moment at the springing due to the continuity of the
rib and deck.
Consider now an arch for a site where there is ample vertical
clearance. If the deck is considerably higher than the crown, the
temperature moment in the rib at sections under expansion joints
at or near the center of the span will not differ greatly from the
values at the corresponding sections for a rib without a deck, as
determined by the elastic theory. As the distance from the deck to the
crown of the rib decreases, the temperature moment in the rib under
an expansion joint increases, but in no case is it seriously increased
by the superstructure if the deck and rib are not made integral but
are separated with spandrel columns. Increasing the ratio of rise to
span decreases the temperature moment at both the crown and the
springing. Increasing the rise of the rib and decreasing the distance
from the deck to the crown of the rib, two actions that occur simul-
taneously if the total vertical clearance remains constant, decreases
the movement that would take place if expansion joints were pro-
vided at or near the center of the span. These statements would seem
to justify the following practice:
If the vertical clearance for an arch bridge is considerable, use a
large ratio of rise to span for the rib. The deck and rib may be made
to act integrally at the crown, and in this case expansion joints will be
used over the piers only. Or the deck may be separated a short
distance from the rib at the crown with short spandrel columns, and
in this case expansion joints may be used or omitted, depending partly
upon the whim of the designer and partly upon the size and propor-
tions of the structure. They will not greatly increase the tempera-
ture moments, and they will not be greatly needed to take care of
either temperature changes or pier movements.
The following numerical problem is of interest. Consider an arch
175 feet long. Model H81, Fig. 50a, may be considered the model
I
for this arch if the - for all members of the actual structure is theL
same as for the model. This arch has a rise-to-span ratio of 0.46,
and the distance from the deck to the axis of the rib at the crown
is 20 feet. According to Table 20, if an expansion joint is provided
at the crown the temperature moment at the crown will be 1.36 times
as great for the arch with the deck as for a rib without a deck. Be-
cause the ratio of the rise to the span is so great the temperature
stresses are not serious. From Table 24 the movement at the expan-
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sion joint is 0.317 times as great as the free expansion of a piece of
concrete 175 feet long. With a thermal coefficient of 0.000005 for con-
crete the free expansion due to a temperature change of 50 degrees
would be 0.525 in. and the movement at the expansion joint would
be 0.525 x 0.317 or 0.166 in. Half of this movement is contributed
by each half of the deck, so that if no expansion joint were provided
each half of the deck would be moved longitudinally 0.166 - 2, or 0.083
in., from the position it would have assumed if expansion joints had
been prqvided. This movement would cause a horizontal deflection of
the spandrel columns, but a deflection of 0.083 in. in columns the
shortest of which is 15 to 16 ft. long would do no harm. If the rise of
the rib were made greater the movement of the expansion joint would
be still less, due in part to the greater ratio of rise to span and in part
to the shallower deck. Apparently, therefore, for an arch having a
large ratio of rise to span, expansion joints do not cause high temper-
ature moments in the rib, neither are they needed to relieve the
stresses in the spandrel columns.
VI. SUMMARY
22. Summary of Conclusions.-The tests of reinforced concrete
arches and the studies made with celluloid models reported in this
bulletin apparently justify the following conclusions:
(1) A deck without expansion joints increases the load-carrying
capacity of an arch by increasing its capacity to resist moment. Ex-
pansion joints in the deck prevent the latter from increasing the
moment-resisting capacity of that portion of the rib in the panel con-
taining the expansion joint.
(2) The temperature moment in the rib at the springing is greater
for an arch with a deck than the moment for the rib alone obtained
by the use of the elastic theory. The temperature moment at the
springing is increased to a greater extent by a deck without expansion
joints than by a deck with expansion joints.
(3) If the deck is made to act integrally with the rib at the crown
so as to form a saddle, expansion joints in the deck at the ends of the
saddle increase the moment in the rib under the expansion joint;
the increase in moment is greater for a long than for a short saddle.
If the deck is low but separated from the rib at the crown by short
spandrel columns, the temperature moment in the rib under an ex-
pansion joint near the middle of the span is not much greater than
the moment at the crown for a rib without a deck. If the expansion
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joint is at the middle the moment under the joint is somewhat greater
than if expansion joints are provided near the one-third points.
(4) If expansion joints in the deck are provided at or near the
middle of the span, the movement at the joint decreases as the verti-
cal distance from the deck to the crown of the rib decreases, and the
movement decreases as the ratio of the rise to the span increases.
If the deck is low relative to the rib, and if the ratio of the rise to
the span is large, 0.4 or more, the smallness of the movement that
would take place if joints were provided, and the flexibility of the
spandrel columns, make expansion joints at or near the middle of
the span unnecessary, although they do no harm, except as they affect
the wearing surface of a highway bridge, and eliminate the strengthen-
ing effect of the deck.
The conclusions that have been given in the previous paragraphs
are the basis for the following recommended rules of design for open-
spandrel, reinforced-concrete arch bridges:
(A) If the vertical clearance is small, place the deck low and
have it integral with the rib at the crown, thereby getting as large
a ratio of rise to span as possible. Do not have any expansion joints
in the deck except at the piers. The integral action of the rib and
deck will resist the large temperature moment at the crown. The
large temperature moment at the springing can be provided for by
increasing the reinforcing in the rib near the ends. The moment-
resisting capacity of the integrally-acting deck and rib may well be
utilized thereby reducing the size of the rib not so much to save con-
crete as to increase the flexibility of the rib at the haunches.
(B) If the vertical clearance is large, the deck may be placed low
and be made to act integrally with the rib at the crown if architectural
features or other considerations makes this construction desirable. If
this is done, all features of the previous paragraph apply. If the deck
is not made to act integrally with the crown, the deck may well be
placed low relative to the rib, for reducing the vertical distance from
the deck to the rib and increasing the rise of the arch both render
expansion joints less necessary, while increasing the rise of the rib
reduces the dead and live load thrust and the temperature moment
on the rib. If the deck is made low relative to the rib, expansion
joints at or near the middle are not needed, since only a little motion
would take place if they were provided, due either to temperature
changes or changes in span due to pier movement. On the other hand,
expansion joints at or near the middle will do no harm, except that
they slightly injure the wearing surface of highway bridges and elimi-
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nate the moment-resisting effect of the integral action of the rib and
deck. If the deck is high relative to the rib, a design that seems un-
warranted, expansion joints at or near the middle may be needed for
medium and long span arches.
(C) For important arches the analysis should be of the struc-
ture as a whole and not of the rib alone.
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